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ABSTRACT
STUDY OF SELF-ASSEMBLY AND STIMULI RESPONSIVE BEHAVIOR IN
POLYMERIC AND DENDRITIC AMPHIPHILES
FEBRUARY 2018
POORNIMA RANGADURAI,
B.Sc., M.Sc., STELLA MARIS COLLEGE, CHENNAI
PH.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Sankaran Thayumanavan
Natural processes are intricately detailed and able to convert molecular-level events into
macroscopic or visually observable properties. This is made possible through multiple interactions
at the molecular level, signaling due to covalent and non-covalent interactions, and supramolecular
networks that rely on dynamic, non-equilibrium structures. Detailing processes in this manner is
the current quest for material science research and designing materials for this purpose is usually
via a key process known as self-assembly. Self-assembly is a process in which a material with
varied components organizes itself into a particular pattern due to various specific inter and intra
molecular interactions. By understanding this process, scientists have developed methods to
predict the patterns formed (morphologies) depending on the molecular construct of the material,
and impart a broad range of responsive behavior to these self-assemblies, for several different
applications. The goal of this thesis was to investigate the different parameters and stimuli that
affect the morphology of these assemblies, either transforming them, perturbing them or,
destroying them completely, and the outcome of this event.
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Polymeric and dendritic amphiphiles were chosen as scaffolds for this purpose of building
stimuli responsive assemblies, as they provide handles for innovative modifications and
engineering of various stimuli-sensitive groups. Both offer unique advantages, polymers offering
low critical aggregation concentrations and ease of synthesis, and dendrimers having uniform
dispersity and exact synthetic reproducibility. Amphiphilic homo-polymers were designed to
respond to an environmental pH change, and degrade, expelling the non-covalently held contents.
However, a temporal degradation of its backbone, resulted in a change of its hydrophilic-lipophilic
balance (HLB) and hence, its self-assembled morphology.
Light-sensitive amphiphilic block co-polymers, with an ability to form equilibrium
assemblies when dispersed in aqueous media were also explored. The reversible conformational
change brought about by the light-actuation, in one azobenzene molecule placed at the interface
of the hydrophilic and hydrophobic blocks, was able to transduce motions throughout the polymer
chains, resulting in a change in the material’s permeability. This system’s ability to function farfrom-equilibrium, i.e. work only in the presence of an energy input and rest in a dormant state in
its absence, was also explored. This thesis also investigated the response of this polymer to stimuli
such as pH and proteins that brought about an irreversible covalent modification to the system, as
opposed to the light stimulus. Signaling through non-covalent based interactions, akin to nature,
causing release of non-covalent guest contents was also explored using dendritic and block copolymer amphiphiles. In the case of the dendrimer, the looming challenge of bacterial targeting
was addressed by harnessing a membrane protein-ligand interaction. Block co-polymers were used
to understand the effect of non-covalent binding on the fidelity of an assembly with a high degree
of chain-entanglements and a densely hydrophobic core.
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CHAPTER 1
INTRODUCTION
Adapted in parts, with permission from Molla, M. R., Rangadurai, P., Pavan, M. G.,
Thayumanavan, S. Experimental and theoretical investigations in stimuli responsive dendrimerbased assemblies. Nanoscale, 2015, 7, 3817-3837. Copyright © 2015 Royal Society of Chemistry.
1.1 Introduction
The interest in the field of supramolecular self-assembly of amphiphilic molecules is abiding due
to its interdisciplinary nature, scope for fundamental investigation and applications in various
fields ranging from catalysis to drug delivery possibilities. Over the years, these have come a long
way from being of morphological interest, to being carriers, to becoming smart systems with the
potential to deliver the cargo at the desired site, in the presence of an intended impetus. Several
interactions play a lead role in determining the morphology and shape of the self-assembled
system- from inter-molecular interactions, intra-molecular interactions and interactions with the
dispersed media. These interactions could be several different ones in nature such as covalent,
ionic, van-der-waals, pi-pi, hydrogen bonding, hydrophobic etc1-3. There also also several other
factors into play, such as volume fractions and positioning of the hydrophilic and hydrophobic
groups4-6.
While designing materials for sustainable applications, we are expected to fulfill a great number
of criteria, in order make the existing module better. To mention a few, their morphology in
solution, stability, size- tunability, guest selectivity, targeting capabilities, response or resistance
to certain stimuli and sustainability- all act as important and limiting factors. Small molecule
amphiphiles, polymers, dendrimers, polyelectrolyte complexes, peptide and nucleic acid
amphiphiles, hydrogels etc. have been explored as applicative materials, each of them bearing a
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few desired virtues but still having scope for improvement7-9. Moreover, nature works through
interaction, response and feedback. Building materials with the ability to respond to stimuli in a
predictable and controllable fashion, is therefore the most compelling field of research currently.
This ability to respond can be built-in structurally in these molecules, and these stem from possible
changes in conformation or a shift in solubility of the material with respect to the stimuli10. In this
chapter, we attempt to explore stimuli responsive dendrimers, homo and block copolymers, in
order to get a brief overview on the versatility of organic materials.
1.2 Stimuli- responsive materials
Stimuli-responsive assemblies have attracted particular attention due to their interests in a variety
of applications, especially in biology and medicine. The targeted stimulus can be an inherent
physiological imbalance such as variations in pH, redox potential, or protein concentrations.
Alternatively, the environmental change can also be externally stimulated (e.g. temperature and
light). Several crosslinked and un-crosslinked stimuli responsive supramolecular assemblies have
surfaced in the literature in the recent past11-15.
The incorporation of pH and redox responsive systems into many molecular assemblies, including
dendrimers, has attracted significant interest. The interest in pH is mainly driven by the aberrant
pH in diseased tissues such as cancer cells and in sub-cellular compartments such as lysosomes16.
Various functional groups have been utilized in dendritic assemblies such that a pH-sensitive linker
would provide stability to the assembled nanostructure stable at neutral pH 7.4, but would respond
to a lower pH17-22. Similarly, variations in the redox potential between extracellular space and the
cytoplasm has led to explorations in developing redox sensitive molecular assemblies23, 24. A more
recent venture in the area of stimuli-responsive assemblies involves systems that respond to
enzymatic and protein activities25-31. There is a surge in research involving these stimuli, because
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the imbalances in these bio macromolecules can be considered as the primary reason for
physiological imbalances. Therefore, targeting these stimuli might hold significant potential for
future therapeutic strategies.
Environmental stimuli can be classified into two main categories: intrinsic (endogenous) or
extrinsic (exogenous). The stimuli outlined above are intrinsic, i.e. the variations are caused by
intrinsic changes associated with human pathology. It is also possible that one could use extrinsic
stimuli in biological applications, where the key advantage is spatiotemporal control. Among the
external stimuli possibilities, temperature variations have attracted significant attention due to the
implications in areas such as “thermo-therapy”32-36. Oligo- and poly-ethylene oxide based
dendrimers have drawn particular attention in this respect Similarly, features that are responsive
to light, magnetic field and ultrasound have been incorporated into molecular assemblies to
generate externally-triggerable systems.
1.2.1. Stimuli- responsive dendrimers

Dendrimers are one of the most interesting classes of macromolecules used in the field of drug
delivery due to the advantages they hold over the other types of macromolecules. Their ability to
form stable assemblies and the capacity to be functionalized at the surface, core, middle or even
the branches make them structurally resourceful. They offer the unique advantage of being
macromolecular and monodisperse, providing the opportunity to study structure–property
relationships at the molecular level.
1.2.2 Stimuli-responsive polymers
Polymers serve as high-order responsive scaffolds, achieved through polymerization of responsive
and functional monomers. There are several polymerization techniques, such as reversible addition
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fragmentation chain transfer polymerization (RAFT), atom transfer radical polymerization
(ATRP), nitroxide mediated radical polymerization (NMP), heterogeneous radical polymerization
(HRP), ring opening polymerization (ROP) etc., that have been well optimized over the past
several decades to present a wide array of controllable methods to synthesize macromolecules.
1.3 Exogenous stimuli
1.3.1 Thermo-sensitive materials
Thermo-responsive materials for drug delivery and tissue engineering have been widely explored.
In drug delivery, often the strategy is to utilize an external heating mechanism to locally heat an
area, such as a malignant tumor, which then causes the release of an encapsulated drug, selectively
in the tumor tissue32-36.
1.3.1.1. Thermo-responsive dendrimers
A number of reports on modification of dendrimer surfaces to endow them with temperaturesensitive characteristics exist as a result of this motivation, among others. Periphery of PAMAM
dendrimers has been modified to present temperature-sensitive functional groups on their surfaces.

Figure 1.1. Schematic presentation PAMAM G4 dendrimer decorated with temperature sensitive
functionality.

Incorporation of PIPAAm functional groups imparts temperature-sensitive features, which has
been used to modify the activity of an encapsulated catalyst37 (Figure 1.1).
Here, catalytically active water-soluble guest molecules were non-covalently bound to the
dendrimer and the temperature-dependence of the catalytic activity was induced by the change in
4

structure of the dendritic host. A pH and temperature sensitive polymer, poly(N,Ndimethylaminoethyl methacrylate) (PDMA), was attached to the surface of a dendrimer38. This
PAMAM-g-PDMA exhibited lower critical solution temperature (LCST), which is often used a
marker for temperature-sensitive characteristics of molecule (Fig. 1.2).

Figure 1.2. Schematic presentation of synthesis of PAMAM-g-PDMA dendrimer.

The LCST itself was found to be dependent on the graft chain length, which is understandable as
the overall hydrophobicity of the dendrimer increases with graft length. Since the PDMA
functional groups can also be protonated at lower pH and since this protonation event causes a
change in the hydrophilicity of the dendrimer, the LCST of the dendrimer was found to vary with
pH. To investigate the utility of such a system in drug delivery, the authors encapsulated
chlorambucil (CLB) as an anticancer model drug in this dendritic scaffold. Release rate of the
encapsulated CLB molecule was found to be indeed faster at lower pH. This result has been
attributed to the conformational change in the PDMA from a coil to an expanded shape due to the
protonation of the tertiary amine moieties in PDMA. In an effort to mimic collagen with improved
drug encapsulation and release properties, dendrimers have been modified with a collagen model
peptide, (Pro-Pro-Gly)39. The peptide chains in this dendrimer formed a triple helix, which showed
thermal reversibility and endowed the dendrimer with drug carrier characteristics (Fig. 1.3). This
dendrimer exhibited thermo-sensitive molecular release, although it did not show LCST
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transitions. It was found that the release rate of the encapsulated rose Bengal (RB) at 4 °C was
slower than at 37 °C. This was attributed to the temperature responsive change in the extent of
triple helix character in the dendrimer, which was found to be 58% and 0% at 4 and 35 °C
respectively.

Figure 1.3. Schematic presentation of drug encapsulation and release from collagen mimic
dendrimer.

It is noteworthy that unlike PNIPAM-based systems, these collagen-mimic dendrimers did not
exhibit a phase transition, but simply caused a change in the helix formation. Considering that both
PEG and PNIPAM units have temperature-sensitive features, both of these functionalities have
been incorporated onto surfaces of dendrimers 40(Fig. 1.4). Our group has developed a new class
of bi-aryl based amphiphilic dendrons with polyethylene glycol (PEG) as the hydrophilic segment
and decyl chain as the hydrophobic segment35 (Fig. 1.5).
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Figure 1.4. Structure of the PEG and PNIPAAm grafted dendrimers.

We examined temperature dependent characteristics of these dendrimers and found generation
dependent temperature sensitivity. More specifically, higher generation dendrimers showed lower
LCST. Interestingly, these dendrimer scaffolds were found to form micellar aggregates in water.
Considering these aggregating features and yet very different LCST for different generations, we
envisaged that there must be a cooperativity in temperature-sensitive transitions, when these PEG
moieties are tethered together. This hypothesis was later confirmed by systematically synthesizing
amphiphilic oligomers.
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Figure 1.5. Structural representation of G1, G2 and G3 generation bi-aryl dendrimers.

1.3.1.2. Thermo-responsive polymers
Similar to the dendrimer designs, the LCST behavior of PEG and NIPAAm have been well utilized
in making thermoresponsive polymers. Polymers such as poly(N,N-diethylacrylamide)
(PDEAAm) (LCST 25 to 32 °C), poly(N-vinlycaprolactam) (PVCL) (LCST between 25 and
35 °C), poly[2-(dimethylamino)ethyl methacrylate] (PDMAEMA) (LCST of around 50 °C) are
also reported for biomedical applications42. The block length and volume ratio of the side groups,
size of the overall polymer and its architecture in water also affect the LCST behavior42.
8

1.3.2. Photoresponsive materials
Photoresponsive materials have drawn significant attention because of their non-invasiveness and
the possibility of remote spatiotemporal control in causing a change in a material. Such a feature
will be useful in applications such as on-demand drug release.
1.3.2.1. Photoresponsive dendrimers
Self-immolative dendrimers43-45, where a single photochemical reaction can cause a cascade of
reactions to disassemble a dendrimer, have been developed (Fig. 1.6)46. Similarly, multivalent
dendrons that are capable of binding DNA and then releasing it upon exposure to UV light have
been designed and synthesized47 (Fig. 1.7). Here, dendron surfaces were decorated with cationic
spermine groups through an o-nitrobenzyl linker. Since spermine groups are cationic, the DNA
could bind to the dendritic surface. However, irradiation of the dendrimer at 350 nm caused
photolytic degradation of the o-nitrobenzyl linker, followed by release of the non-covalently bound
DNA.

Figure 1.6. Schematic presentation of self-immolative release of reporter molecules upon UV light
irradiation.
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Polyamide dendrons containing azobenzene or o-nitrobenzyl ether functional groups have been
found to self-assemble into vesicle type structure, which can encapsulate both hydrophilic and
hydrophobic guest molecules48. Both these guest molecules were released in response to light,

Figure 1.7. Structural presentation of photocleavable spermine dendrimer.

where irradiation of the dendron caused a morphological change in the self-assembled structure
from a vesicular assembly to a nanofibrous structure due to the cleavage of the o-nitrobenzyl ether
moiety, and ensued guest release. In the azobenzene case, photoirradiation presumably caused a
trans to cis isomerization of the focal azobenzene unit, but the vesicular structure remains
unchanged. Interestingly, the irradiated vesicles were found to be more permeable for the release
of the encapsulated molecule, which was attributed to the repulsive interaction between the
geometrically distorted amphiphiles when the azobenzene moiety is in its cis form. The key
advantage here of the dendritic scaffold is that the multiple functional groups also allows for the
incorporation of targeting moieties, such as folic acid, on the surface of the dendrimer along with
the drug molecules49. The surface moieties of the dendrimer have been additionally used to
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incorporate a fluorophore, which has been used to monitor the cellular uptake of these drug
molecules.

Figure 1.8. (a) Structure of photolabile G1 dendron; (b) structural presentation of light induced
cleavage of dendron.

More recently, our group has designed and synthesized photodegradable facially amphiphilic
dendrimers composed of hydrophilic PEG chain and hydrophobic alkyl chain50 (Fig. 1.8a). The
hydrophobic chain in this molecule has been linked to the dendritic backbone through the
photocleavable ortho-nitrobenzyl group. This dendrimer was shown to form micellar aggregates
in aqueous medium. Photochemical cleavage of the ortho-nitrobenzyl group destroys the
hydrophilic– lipophilic balance of the dendron and consequently disassembles the micellar
aggregates (Fig. 1.8b).
1.3.2.2. Photoresponsive polymers
Similar to the dendrimer strategies, there are several reports on photo-responsive amphiphilic
polymers. These polymers are designed to contain photo-labile side groups such as pyrenylmethyl
esters, o-nitrobenzyl esters (ONB), coumarinyl esters, azobenzene or spiropyran groups51. These
respond to light by either bond breaking (cleaving off a group) catalyzed by light, or photo
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isomerizations that change the orientation or polarity of the overall polymer. One simple example
of cleavage-induced disassembly is a hydrophilic block poly(ethylene oxide) (PEO) sequence and
a hydrophobic block such as poly(methacrylate) (PMA) block co-polymer containing ONB, which
can self-assemble to form micelles in solution. A light triggered cleavage of the ONB group led to
the change in HLB and disassembly of the micelles52. Azobenzenes and their derivatives are very
studied for isomerization-induced disassembly of polymeric assemblies. Upon light irradiation,
azobenzenes undergo a reversible trans–cis isomerisation of their nitrogen double bound (–N=N–),
which transforms the apolar trans isomer into the polar cis (3.0 D)53. This phenomenon,
cumulatively with the change in orientation has led to various interesting reports on disassembly
and change in permeability of these nanocontainers.
1.4 Endogenous stimuli
1.4.1 pH responsive materials
Lower pH at the extracellular space of solid tumours and also in sub-cellular compartments such
as the endosome and the lysosome have generated significant interests in pH-sensitive
supramolecular nanoassemblies.
1.4.1.1 pH responsive dendrimers
A pH-sensitive polymer, poly- (2-(N,N-diethylamino) ethyl methacrylate) (PDEA), has been
grafted to the surface of a PAMAM dendrimer along with mPEG chains54 (Fig. 1.9). Significant
change in the size of the dendrimer was observed in response to pH changes, which has been
attributed to the pH-responsive chain elongation and contraction of the PDEA units. Polyester
dendrimers based on 2,2-bis(hydroxymethyl) propanoic acid have also been used to covalently
conjugate anticancer drug molecules such as doxorubicin (Fig. 1.10).
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Figure 1.9. (a) Structural representation of PAMAM-PDEA dendrimer; (b) schematic representation
of pH effect on the dendrimer; at low pH, PDEA chains were hydrophilic and at neutral or slightly
basic pH it becomes hydrophobic and contracted so drug molecules were tightly locked within the
hydrophobic environment.

Hydrazone functionality, which is known to be acid labile, has been used as the linker for
conjugating the drug molecule to the dendrimer. Similarly, a pH-responsive nanoassembly based
on a linear dendrimer hybrid has been achieved, where the linear polymer is based on PEG and the
dendrimer is based on a polylysine or polyester dendron. Here, the hydrophobic segments were
attached through acid labile linker, cyclic acetal56 (Fig. 1.11). Therefore, the micellar assembly,
formed from the dendritic copolymer, was stable at pH 7.4, but disintegrated at pH 5 – attributed
to the hydrolysis of the acetal group. An anticancer drug adriamycin has been conjugated to a
PAMAM dendrimer through a hydrazone functionality to generate a pH sensitive anticancer drug
delivery system57 (Fig. 1.12).
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Figure 1.10. Structure of doxorubicin (DOX) conjugated dendrimer. DOX was conjugated via acid
labile linker hydrazine.

1.4.1.2. pH responsive Polymers
pH-responsive polymers are can be designed by incorporating acid-cleavable bonds or ionizable
groups into the block copolymer. Polyionic complexes (PICsomes) via electrostatic interactions
are also well investigated for their pH responsivity. They are classified as polyacids

Figure 1.11. Schematic presentation of release of drugs from a micelle composed of linear dendritic
copolymer.

(e.g., carboxylic acid based polymers, sulfonamides, anionic polysaccharides, and anionic
polypeptides) and polybases (e.g., polyamines, pyridine and imidazole containing polymers,
14

cationic polysaccharides, and cationic polypeptides) in general. The pH sensitive groups can either
accept or donate H+ ions in response to the external pH. Subsequent protonation or deprotonation
of these groups changes the net charge on the polymer chains, thereby altering the hydrophilicity
or hydrophobicity of the polymer. This leads to changes in their hydrodynamic volume and
conformation, either collapsing or swelling the polymer’s conformation, accordingly58.

Figure 1.12. Structure of adriamycin conjugated dendrimer via (left) amide and (right) hydrazone
linker.

Poly(acrylic acid) (PAAc) and poly(methacrylic acid) (PMAc) polymers are well used in
biomedical applications, due to their ability to swell reversibly with changes in pH59. Several
natural polysaccharides such as alginate, carboxymethyl cellulose, pectin and hyaluronic acid are
reported for delivery applications as well60. Alginates contain mannuronic and guluronic acid
residues, which have carboxylic functional groups with pKa values of 3.38 and 3.65, respectively.
Carboxymethyl cellulose is an anionic type of cellulose derivatives in which carboxymethyl
groups are found, with a pKa of 4.361-65. The polycations are traditionally built with primary,
secondary or tertiary amine groups on their side chains, which can be ionized at low pH values. A
very common example is poly (N, N′-dimethyl aminoethyl methacrylate) (PDMAEMA) which has
a pKa of ~8, which contains polycations with functional tertiary amine groups66. Pyridine and
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imidaloze groups, which contain protonatable hetero-nitrogen groups, are also used to form pH
sensitive polymers67-71.
1.4.2. Redox responsive materials
Similar to the pH-sensitive materials, redox-responsive nanoassemblies are also valuable, given
their implications in drug delivery. Specifically, redox-responsive materials are useful in cytosolic
delivery of drug molecules, while the extracellular concentration of glutathione (GSH) is
micromolar, its cytosolic concentration is much higher (millimolar)72.
1.4.2.1 Redox responsive dendrimers
Redox-responsive dendriticsystems are designed by incorporating redox-responsive units such as
disulfide, diselenide or ditellurium bonds in them. For example, high plasma binding of the antiinflammatory drug N-acetyl-L-cysteine (NAC) requires it to be administered in high doses and
causes many side effects. To address this challenge, NAC was conjugated to PAMAM dendrimers
via a disulfide linkage, which can cleave in presence of GSH and release the NAC drug molecule73
(Fig. 1.13).

Figure 1.13. Structural representation of PAMAM–NAC conjugates.

1.4.2.2. Redox responsive polymers
As mentioned before, due to the higher concentration of GSH in the cytosol, redox responsive
polymers can ensure intra cellular drug delivery. There are several reports of pH responsive
biodegradable polymers, polypeptides, branched polymers in which the drug is either held along
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the disulfide bond and is released upon cleavage, or the redox responsivity changes the
nanoparticle’s characteristics allowing for the release of the non-covalently attached drug74. 75. In
our group we have reported on cross-linked nanogels based on RAFT polymerization of
oligoethyleneglycol methacrylate (OEGMA) and pyridyl disulfde ethyl methacrylate (PDSMA),
and their response is studied using the addition of dithiothreitol (DTT)76. We recently used to
strategy to protectively wrap a protein and deliver it intra-cellularly, involving redox chemistry77.
1.4.3. Protein responsive materials
Since aberrant expression of proteins is often a specific indicator of human pathology, it is
interesting to be able to design systems that respond to a particular protein or enzyme. There are
various reports of enzyme-sensitive drug delivery systems based on liposomes and polymers78, 79,
but there are a relatively few reports based on dendrimers. While stimuli induced disassembly is
achievable through engineering the enzyme-cleavable function group; it is far more cumbersome
to design an assembly that would be responsive to a non-enzymatic protein. In the event of the
enzymatic cleavage, the bond breaking disrupts the assembly wherein in the case of non-enzymatic
proteins, a strong binding affinity with a specific ligand is utilized to cause changes in the nature
of the assembly, invoking a response.
1.4.3.1. Protein responsive dendrimers
It was conceived that self-immolative dendrimers can facilitate the conversion of multiple
prodrugs into drugs through one enzymatic reaction80. Using the catalytic antibody 38C2 as the
model enzyme, a dendrimer was designed to be able to release DOX, camptothecin (CPT) or both
(Fig 1.14). Despite the clever design, a pending challenge in this design is the incorporation of
hydrophobic drugs on the dendrimer surface and while maintaining the overall aqueous solubility
of the dendrimer–drug conjugates.
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Figure 1.14. Structural representation of homo and hetero dimeric DOX and CPT prodrugs.

In our group, we have rendered facially amphiphilic dendrimer based assembly sensitive to
specific enzymes by incorporating enzyme-cleavable functionalities within the hydrophobic part
of the dendrimer. We envisioned that the enzymatic cleavage that converts the hydrophobic moiety
in the amphiphilic dendrimer to a hydrophilic one would cause a disassembly, since the basis for
the formation of the assembly is the hydrophilic– lipophilic balance in the molecule26. When this
balance is disturbed, there should be disassembly (Fig. 1.15). We have shown that this disassembly
is accompanied by a guest molecule release, the kinetics of which is dependent on the generation
of the dendron; the rate of guest release decreases with increase in dendrimer generation. To
stabilize these micelle-like aggregates, we have also partially crosslinked amphiphilic assemblies.
In this case, we monitored enzymatic cleavage reaction using the release of a covalently conjugated
fluorophore, 4-methylumbelliferone (MUF)27 (Fig. 1.16). Concurrent monitoring of MUF
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fluorescence and that of a non-covalently encapsulated fluorophore suggested that there is a clear
correlation between the kinetics of the enzymatic reaction and that of the guest molecule release.

Figure 1.15. Top: Structure of the G3 and control G1 dendrimer Bottom: Schematic representation of
enzyme induced disassembly of micelle followed by guest release.

In our group, we hypothesized that an amphiphilic dendron would have a very different HLB
compared to the corresponding dendron–protein complex. If this difference is sufficiently large
such that the former provides a micelle-like assembly, while the latter does not, we could introduce
a novel approach for binding-induced disassembly. We designed and synthesized dendrons that
contain a single biotin ligand at the focal point on its hydrophilic face (Fig. 1.17). To examine
19

Figure 1.16. Schematic presentation of enzymatic degradation of dendrimer and release of
fluorophore.

whether binding-induced disassembly and the corresponding guest release phenomenon can be
achieved, we monitored the release of non-covalently encapsulated pyrene in the presence of the
complementary protein extravidin28. Indeed, addition of extravidin caused release of the pyrene
molecules, whereas no such protein-sensitive molecular release was observed in case of a control
dendron that lacked the biotin moiety (G1-control).
More recently, we have developed a deeper insight into the mechanism of the binding induced
disassembly process using a combination of experiment and theory (vide infra)25. In the above
design, the ligand moiety is presented at the hydrophilic face of the dendritic assembly (Fig. 1.18).
We were interested in identifying whether the presentation of a significantly hydrophobic ligand
that is likely to be buried in the pockets of the micellar assembly would still be available for protein
binding and supramolecular disassembly. To test this possibility, we also designed a dendrimer
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Figure 1.17. Structure of the various generations of dendrimers and control dendrimer.

system using dinitrophenyl (DNP) moiety as the hydrophobic ligand functionality, which is
complementary to anti-DNP immunoglobulin G (IgG)29. Indeed, we were able to show that the
binding induced disassembly possibility does exist and is likely due to the equilibrium between
the unimeric and the aggregated states of the amphiphilic dendrimer assembly. Even though such
equilibrium should heavily favour the aggregated state of the amphiphile, a Le Chatelier type effect
should be sufficient to funnel the bound dendrons towards the disassembled state. The
developments in the systems above are uniquely positioned to achieve dendrimer-based assemblies
that are sensitive to multiple stimuli.
A dual protein stimuli responsive drug delivery system based on an ‘AND’ logic gate was designed
by our group, the ambition being a structure that would respond to the simultaneous presence of
two proteins30. The design resulted in a dendron that contained an enzyme-cleavable coumarin
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ester in the hydrophobic face and a protein specific ligand on the hydrophilic face of the dendron
(Fig. 1.19). It was shown that the system disassembles and provides a fluorescence signal, only in
the presence of both the complementary protein and the complementary enzyme. This is because,
when the protein was bound to the ligands on the surface of the assembly, the aggregate-unimer
equilibrium was shifted towards the unimer form due to the disruption of the HLB, exposing the
previously buried coumarin ester. This coumarin ester was cleaved by the enzyme to produce a
fluorescent product. These aggregates did not produce the fluorescent product in the presence of

Figure 1.18. Schematic representation of protein induced disassembly pathway for dendritic micelle
having hydrophobic ligand through unimer-aggregate equilibrium.

the protein or the enzyme alone. We have also combined the photocrosslinking motif into this
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dendrimer to generate a system that is sensitive only to the concurrent presence of three different
stimuli.
1.4.3.2. Protein responsive polymers
Adenosine-5'-triphosphate (ATP), has been used as a trigger for the controlled release of anticancer
drugs from polymeric nanoparticles. These nanocarriers were functionalized with an ATP-binding
aptamer (single stranded DNA motif) that undergoes conformational changes when in an ATPrich environment, releasing the encapsulated drug81,

82

. In our group, we also reported on

Figure 1.19. Top: Schematic presentation of dual responsive system; Bottom: Structural
representation of enzyme induced cleavage of fluorophore.

amphiphilic peptide homopolymers that contain a Carbonic Anhydrase II (protein) binding ligand,
sulfonamide. Upon binding with the protein, the aqueous assemblies of this polymer disassemble,
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releasing the non-covalently encapsulated guests due a change in the hydrophilic-lipophilic
balance of the polymer83.
With respect to enzymes causing a covalent modification, PEG-based hydrogels were
functionalized with tripeptide sequences, using amine handles on the surface of the hydrogel.
These sequences could be specifically cleaved by a particular enzyme, resulting in a shrinkage of
the nanogels. These systems were envisaged to respond uniquely to a target protease from a
complex mixture of enzymes84. In another report of enzymatic-cleavage induced morphology
change, vinyl monomers that contain an enzymatic activated substrate were used. These were
polymerized with a PEG macroinitiator, giving rise to water-soluble block copolymers. Upon
cleavage of the enzymatic substrates, the solubility of the polymer was lost, making it amphiphilic
and self-assemble into colloidal nanostructures in situ85.
1.5 Thesis overview
One of the biggest inspirations for chemists from nature, is the time scales of response and
complexity of cascade events, which can quickly escalate from molecular level processes to a
macroscopic or observable output. Nature makes these possible using multiple complex molecular
level interactions, signaling and communication using covalent and non-covalent interactions, and
supramolecular networks. Most of these systems work far-from-equilibrium as well, i.e., staying
in a dormant thermodynamic minimum unless an energy source is available. Using that energy,
these systems do work and then fall back into its dormant state, ready to do work again, if activated.
Artificial systems that works in this manner, is the state of the art in the field of supramolecular
self-assembly. Herein, self-assembly can be defined as a spontaneous process in which a material
with varied components organizes itself into a stable secondary structure due to inter and intra
molecular, non-covalent interactions. Currently, the research in these field have advanced to an
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extent that the morphology of the secondary structures can be predicted, and also fit with triggerable responsive behavior, for several different applications ranging from biomedical to optical
materials. The aim of this thesis was to investigate various parameters and triggers that affect the
morphology of these assemblies, either transforming their morphology of destroying them
completely. Both polymeric and dendritic amphiphiles were chosen as scaffolds for this purpose
of building different stimuli responsive assemblies, as they provide handles for the placement of
various stimuli-sensitive functionalities. Both of these systems have unique advantages, polymers
offering low critical aggregation concentrations and ease of synthesis, and dendrimers having
uniform dispersity and exact synthetic reproducibility. Polymers also a unimer-aggregate
equilibrium that is far more shifter towards the aggregated state, when compared to a more rapid
equilibrium offered by the dendritic small-molecule amphiphiles. By using trigger-able groups that
would be apt to understand the responsive behavior of each material, the five projects presented
here were designed.
In this chapter, different classes of stimuli-responsive materials were briefly discussed. Building
in the stimuli responsivity in the structure, along with aspects of stability, kinetics of response and
applicability (in-terms of biocomplatibility, degradability) are all key factors in these system. This
thesis explores the ability of different macromolecules to self-assemble, as well as respond to
stimuli. We have dealt with amphiphilic homopolymers, block co-polymers and dendrimers with
an array of stimuli like pH, light, enzymes and non-enzymatic proteins. In chapter 2, a facile
approach to build-in amphiphilicity and pH responsiveness into the monomer itself, has been
explored. The work also focuses on degradability of the polymer, causing a morphology change
from a micellar state to a vesicular one preferred by the monomeric amphiphiles. In chapter 3, a
supramolecular nano-machine that can do work in the presence of an energy input (light) has been
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studied in detail. This system can do work only in the presence of energy, but does cease to exist
or change structurally after the energy source is cut off. Instead, it falls back into a thermodynamic
minimum and can be controlled to perform work at will, akin to non-equilibrium thermodynamic
systems that exist in nature. An azobenzene containing block co-polymer was designed for this
study, and extensive MD simulations and mechanistic investigations helped us understand the
reason for this controlled release ability. Chapter 4 explores combining stimuli, i.e., using more
than one stimulus to invoke a response from the self-assembled system. In this case, the same
polymer as chapter 3 was used, but exploited for its response to pH and enzymes. Chapter 5 focuses
on tacking a very pressing issue, i.e., bacterial resistance. The dearth of narrow spectrum
antibiotics and the over-exploitation of broad spectrum antibiotics has collectively led to the issue
of severe bacterial resistance, newer bacterial strains and secondary infections. Targeting bacteria
and delivering broad spectrum antibiotics in a narrow-spectrum approach is the state of the art in
this field and we attempted to build such a targeting approach by utilizing the siderophore-bacteria
specific relationship. There are several non-covalent interaction based responses that nature
provides, right from protein folding to cell-cell communication. Using non-covalent, binding based
approach to trigger a supramolecular response is a very relevant approach especially in the field
of drug delivery. Using a biotin (ligand) containing PEG-PLA (poly ethyleneglycol-poly lactic
acid) block copolymer, chapter 6 deals with the response and molecular release upon protein
(avidin) binding.
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CHAPTER 2
TEMPORAL AND TRIGGERED EVOLUTION OF HOST-GUEST
CHARACTERISTICS IN AMPHIPHILIC POLYMER ASSEMBLIES

Adapted with permission from Rangadurai, P.; Molla, M. R.; Prasad, P.; Thayumanavan,
S. Temporal and Triggered Evolution of Host-Guest Characteristics in Amphiphilic Polymer
Assemblies. Journal of the American Chemical Society J. Am. Chem. Soc., 2016, 138 (24), 7508–
7511. Copyright © 2016 American Chemical Society.
2.1 Introduction
Supramolecular assembly of amphiphilic molecules has been of considerable interest due to their
potential utility in a variety of applications.1-5 Over the years, research in amphiphilic assemblies
has evolved from designing molecules to obtain well-defined morphologies to incorporating
stimuli-sensitive characteristics in these assemblies to develop them as smart nanomaterials.6, 7
Polymeric amphiphiles have garnered attention due to the enhanced kinetic and thermodynamic
stabilities of the nanoassemblies. Block copolymers have gained particular attention here, because
of the conveniently derivable structure-property correlations in terms of the two blocks.8, 9 On the
other hand, the possibility of pre-programming self-assembly characteristics in the monomer stage
itself has attracted interest in amphiphilic homopolymer systems.10 Since these amphiphiles are
simply the polymerized versions of the corresponding small molecules, there exists a structural
continuum between these two molecular classes in the form of oligomers. In this context, we study
the host-guest characteristics and morphological evolution of assemblies made from low molecular
weight polymeric amphiphiles in response to their depolymerization towards monomeric
amphiphile (Scheme 2.1) and report our preliminary findings in this chapter.
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Scheme 2. 1. Schematic of host-guest characteristic evolutions in response to main- or side- chain
degradation of amphiphilic polymer.

2.2 Hypothesis and Design
For this study, we designed a short amphiphilic polymer that has two disparate degradable features.
First, the polymer has been designed such that the depolymerization process is slow to allow for
the evaluation of morphological changes. Complementary to the depolymerization event, the
second mechanism involves a triggered change in the amphiphilicity of the polymer to potentially
cause complete disassembly. We use both these processes to interrogate the system over time.
Polyurethanes, containing β-thioester linkages, have been designed to satisfy these requirements.
The carbamate linkers in the polyurethane backbone are known to hydrolytically degrade slowly
in aqueous phase11 and thus it satisfies the first requirement. Most of the reported amphiphilic
polyurethanes are based on difference in the hydrophilicities of the co-monomers in the
backbone.12- 16 The design requirements here however dictate that the monomer building block
itself be amphiphilic so that the degradation of the polymer would lead to shorter oligomers with
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the overall amphiphilicity retained in the system (Scheme 2. 1). Moreover, the polymer and the
monomer should also fulfill the triggerable disassembly requirement mentioned above. The
targeted monomer containing β-thioester moieties provide this opportunity, as these have been
shown to undergo faster hydrolysis at lower pH.17, 18 The molecular design that could satisfy all
these design requirements is shown as polymer P1 (Figure 2.1a). The polyurethane P1 constitutes
an amphiphilic monomer M1 (Scheme 2. 2), derived from dithiothreitol (DTT). The molecular
weight (Mn) of the polymer was found to be 7.5 kDa and quite polydispserse. The short polymer
provides an ideal scaffold for observing subtle changes in the structure upon morphology.

Figure 2.1. (a) Structure of P1; (b) DLS of aqueous solution of P1; (c) TEM image indicating
micellar aggregates.

2.3 Results and Discussion
To study the amphiphilicity-based self-assembly of P1, the polymer was dispersed in water at
different concentrations in the presence of a spectroscopic probe, Nile red (NR). NR is insoluble
in aqueous phase by itself, but is soluble in the presence of P1. This suggests that the polymer is
capable of providing hydrophobic pockets for guest encapsulation. To investigate whether this
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solubilization is due to aggregation of the polymer to form a hydrophobic pocket, NR fluorescence
was monitored at different concentrations of the polymer. The sharp increase in the fluorescence

Figure 2.2. (a) Time-dependent fluorescence emission of Nile red encapsulated P1 treated to pH 5.3;
(b) Time-dependent fluorescence emission of Nile red encapsulated P1 treated to pH 7.4; (c) %
release of Nile red at pH 5.3 and 7.4 from P1 micelles, plotted against time.

at a specific concentration indicates the onset of the polymer aggregation at ~0.06 mg/mL, which
is considered to the critical aggregate concentration (CAC) of P1 (detailed in section 2.5). To
investigate the size and morphology of such an assembly, the polymer was studied by dynamic
light scattering (DLS) (Fig 2.1b) and transmission electron microscopy (TEM) (Fig 2.1c). TEM
images show that the observed aggregates are spherical with a solid core, with a size of a little over
100 nm. Considering the hydrophobicity of the interior from the guest encapsulation study, these
aggregates were considered to be complex micelle-like aggregates, which has been typical of
amphiphilic homopolymer assemblies.19, 20 TEM images are obtained from dry samples, whereas
the system is being studied in solution. The close correlation in the sizes of the aggregates obtained
from TEM and those from DLS in solution (~130 nm, Fig 2.1b), along with the dye incorporation
studies, suggests that P1 indeed exhibits these micelle-like assemblies in aqueous phase.
Since the polymer P1 was designed to be sensitive to change in pH, change in the container
property of the amphiphilic assembly at lower pH was evaluated. Release of the encapsulated NR
in 0.1 mg/mL P1 in pH 5.3 TRIS buffer was monitored over several hours. Dye release started
soon after the pH buffer was lowered, resulting in 32% release in the first 10 hours and ultimately
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reaching ~95% release in 6 days. This can be attributed to the hydrolysis of β-thioester bonds at
pH 5.3, disrupting the amphiphilic character of the polymer and its propensity to form the
nanoassembly. The control study at pH 7.4, where less than 15% dye release in 7 days, supports
the hypothesis that the guest release is due to the pH-induced disruption of β-thioesters (Fig 2.2ac).

Figure 2.3. DLS plots of P1 (a) before and after treatment to acidic pH, 5.3; (b) before and after
treatment with tris buffer pH 7.4; (c) TEM images of P1, after 8 days at pH 7.4, revealing vesicles of
various sizes.

An interesting observation was made when a further validation of the observed guest molecule
release was attempted using DLS. Although the assemblies disappeared as anticipated at pH 5.3,
the result from the control experiment at pH 7.4 was surprising. At pH 5.3, the 130 nm assembly
disappeared over time to afford micron-sized aggregates (Fig 2.3a), which are attributed to the
hydrophobic byproducts of the pH-induced cleavage (Scheme 2.2). Interestingly, the control
solution at pH 7.4 showed a variety of size distributions after day 7, including at 50 nm and 100
nm in addition to some larger aggregates (Fig 2.3b). The presence of smaller assemblies was
especially baffling. To further investigate this, the aged samples were analyzed by TEM, which
indicated the presence of vesicular aggregates with an aqueous lumen (Fig 2.3c). Sizes of these
assemblies were mostly between 40 nm and 100 nm, though some larger (~500 nm) vesicles were
also observed (Fig 2.3c). Considering the sample at pH 5.3 did not exhibit similar changes, we
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hypothesized that the urethane backbone has hydrolyzed slowly over eight days, forming smaller
oligomers, which prefer the formation of vesicles. Note that the urethane hydrolysis retains the
amphiphilicity in the resultant oligomers, while the hydrolysis of β- thioester moiety disrupts it
(Scheme 2. 2). To test this possibility, we characterized the assemblies formed by the monomer
M1, as this represents the final product of the degradation of carbamate moieties in the
polyurethane backbone. Indeed, the morphology of the assembly formed by M1 was found to be
vesicular with ~100 nm size (Fig 2.4a), similar to those observed with P1 after 7 days.
To further test the hypothesis of depolymerization-induced morphological change, we tested the
molecular weight evolution of the polymer by lyophilizing the sample on days 1, 4 and 8 and
testing them in GPC.

If our degradation hypothesis is correct, we would see new peaks

corresponding to oligomers and a longer retention time (Fig 2.5d). Indeed, the GPC showed new
peaks at longer retention times over the course of eight days, the molecular weights of which
correspond to tetramers, trimers and dimers. Observable extent of shorter oligomer formation was
found from day 4, and the peak corresponding to P1 disappeared completely by day 8. Next, we
investigated whether this depolymerization-induced change occurred via any intermediate
morphologies. On day 4, the time at which GPC peaks for polymer P1 and shorter oligomers were
concurrently observed. TEM images of this sample showed a distinct mixture of vesicles and
micelles (Fig 2.4b). Interestingly, either of these assemblies seem to be fully formed or deformed.
Finally, we were interested in investigating this depolymerization-induced morphological change
using the host-guest characteristics differences between micellar and vesicular aggregates. While
both these assemblies would be able to sequester hydrophobic guests, because of the
hydrophobicity of the micellar interior and the vesicular membranes, only the latter would be able
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Scheme 2. 2. Products of β-thioester and urethane hydrolysis at pH 5.3 and at pH 7.4 respectively.

Figure 2.4. TEM images of (a) M1 indicating vesicles; (b) P1 on day 4 sample revealing both
micelles and vesicles; (c) R6G release from aged P1 vesicles at pH 5.3.

to sequester hydrophilic guests. Indeed, we were unsuccessful in our attempts to incorporate
hydrophilic rhodamine 6G (R6G) within the polymer assembly P1. Interestingly however, R6G
was comfortably incorporated within the vesicular assembly formed by M1, which was ascertained
by comparing the absorbance-matched solutions of R6G in water (detailed in section 2.5). The
observed fluorescence self-quenching, due to local concentration effects imposed by
encapsulation, suggests that the hydrophilic dye has been incorporated within the lumen of the
vesicular assemblies. If P1 indeed depolymerizes to smaller oligomers, which have the propensity
to form vesicular assemblies, the ability to sequester hydrophilic molecules must evolve with time.
Indeed, we found that the hydrophilic dye can be encapsulated in P1 on day 8. Note that our
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hypothesis here is that the urethane bond hydrolyzes, but the β -thioester bonds are intact during
the aging process. If this was correct, then lowering the pH of the solution containing the assembly
based on monomer M1 or the aged P1 should cause disassembly, because the amphiphilic
character of the constituent molecules would disappear due to the pH-induced hydrolysis of the β
-thioester. The observed decrease in self-quenching of R6G with time at pH 5.3 in both these
solutions (Fig 2.4c and 2.7d) supports this hypothesis.
2.4 Conclusions
In conclusion, by designing an amphiphilic homopolymer that can degrade both at the side chain
and the main chain, we have shown that the morphology of the assembly and its host-guest
characteristics can be predictably evolved. The amphiphilic polymer itself forms a micelle-like
assembly in aqueous phase, where it is capable of acting as a nanocontainer for hydrophobic guest
molecules. Subjecting this assembly to a pH change causes it lose this container property, because
of the degradation of the side chain functionalities. On the other hand, aging this assembly in
aqueous solution results in slow depolymerization through degradation of the main chain, where
the morphology of the assembly changes from micelle-like structures to vesicular ones. This
morphological change accompanies an evolution in host-guest characteristics, where the assembly
changes from a nanocontainer for hydrophobic guest molecules to one that can be a concurrent
container for both hydrophobic and hydrophilic guest molecules. Lowering the solution pH causes
the assembly to lose its ability to encapsulate both types of guest molecules. The evolution of
these assemblies in response to depolymerization might be reminiscent of the polymerizationinduced self-assembly process,
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which has recently gained much attention. Note however that

the process is sharply distinct, because the hydrophilic-lipophilic balance in the amphiphilic
polymer does not evolve with the depolymerization process noted here. Therefore, the

44

morphological changes observed here are dictated by the molecular architecture rather than by the
relative volumes of the amphiphilic constituents. The variations in the molecular architecture
between these oligomers and the monomer likely arise from the fact that the amphiphilic building
blocks in the oligomers are more conformationally restricted with respect to each other, compared
to the monomers. The observations here raise several interesting questions. From a fundamental
perspective, it is interesting to ask whether the mixture of two morphologies after four days is an
indicator of self-selection among oligomeric amphiphiles, driven by their preferred morphologies.
Addressing these questions, along with exploring the potential utility of these assemblies in
meaningful applications, will be part of our future efforts in this area. From an applications
perspective, degradable amphiphiles have drawn significant attention due to their potential use in
biological applications such as delivery and diagnostics. The fact, that both polymer and monomer
were found to be non-cytotoxic to cells (section 2. 5. 9), suggests the potential for utilizing these
assemblies in such applications.
2.5 Materials and Methods
All reagents, polymerization catalysts, solvents and other conventional reagents such as
dithiothreitol (DTT), tetraethyleneglycol monomethyl ether, decyl alcohol, lysine ethylester
diisocyanate, 1,4-diazabicyclo[2.2.2]octane (DABCO) were obtained from commercial sources
and were used as received unless mentioned otherwise. 1H NMR spectra was recorded on a Bruker
DPX-400 MHz NMR spectrometer and all the spectra were calibrated against tetramethylsilane
(TMS) standard. Chemical shifts are reported in parts per million (ppm). When peak multiplicities
are given the following abbreviations are used: s, singlet; d, doublet; t, triplet; m, multiplet; b,
broad.

Dynamic light scattering (DLS) measurements were carried out on a Malvern
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Nanozetasizer. Transmission electron microscopy (TEM) images were recorded on a JEOL2000FX machine operating at an accelerating voltage of 100 kV.
2.5.1 Synthesis and Characterization

Scheme 2. 3. a. Synthesis of the amphiphilic monomer M1 and b. polyurethane P1.

2.5.1.1 Synthesis of Tetraethylene glycol-acrylate (2).
5g of tetraethylene glycol (24 mmol) was taken in a round bottom flask with 50 mL of anhydrous
dichloromethane (DCM) as the solvent. This was cooled to 0 oC and degassed with stirring, for 20
minutes. 3.6 g of triethyl amine (TEA) (36 mmol) was added to the reaction mixture followed by
3.25g of acryloyl chloride (36 mmol) dissolved in 10 mL DCM, added dropwise with the help of
an addition funnel (Scheme 2. 3). The reaction was allowed to go on for 12 hours at 0 oC after
which it was worked up against saturated sodium chloride solution. The DCM layer was
concentrated and passed through a silica gel purification column (ethyl acetate and hexane as
eluents) to get pure product in 78% yield. 1H NMR (CDCl3, 400 MHz, TMS): δ (ppm) = 6.42 (1H,
m), 6.15 (1H, m), 5.85 (1H, m), 4.3 (2H, t), 3.75 (2H, m), 3.65 (10H, m), 3.3 (3H, s).
2.5.1.2 Synthesis of Decyl-acrylate (3)
5 g of 1-decanol (31.58 mmol) was taken in a round bottom flask with 50 mL of dry DCM as the
solvent. This was cooled to 0 oC and degassed with stirring, for 20 minutes. 4.7 g of TEA (47.38
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mmol) was added to the reaction mixture followed by 4.28 g of acryloyl chloride (47.38 mmol)
dissolved in 10 mL DCM, added dropwise with the help of an addition funnel (Scheme 2. 3). The
reaction was allowed to go on for 12 hours after which it was worked up against satd. sodium
chloride solution. The DCM layer was concentrated and purified further using a silica gel column
(ethyl acetate and hexane as eluents) to get pure product in 80% yield. 1H NMR (CDCl3, 400 MHz,
TMS): δ (ppm) = 6.4 (1H, m), 6.2 (1H, m), 5.8 (1H, m), 4.2 (2H, t), 1.7 (2H, m), 1.3 (14H, broad
m), 0.9 (3H, t).
2.5.1.3 Synthesis of Monomer (M1)
Reported procedures for thiol- acrylate Michael addition was followed.1, 22 198 mg of dithiothreitol
(1) (1.29 mmol), 250 mg of decyl acrylate (1.17 mmol) and 308 mg of tetraethylene glycol acrylate
(1.17 mmol) were taken in a 25 mL round bottom flask. 15 mL of freshly distilled tetrahydrofuran
(THF) was added through a syringe, while argon was continuously purged through the reaction
mixture (Scheme 2. 3). To this, 0.1 wt% of dimethylphosphine (Me2PPh) was added and the
reaction allowed to stir for 48 hours. Thin layer chromatography on an aluminium supported silica
gel revealed the statistical mixture of products. The product was isolated from this mixture by
passing it through a silica gel column (Combiflash RF-200), at a polarity of 40% ethyl acetate in
hexane. The final pure product was obtained in 28% yield. 1H NMR (CDCl3, 400 MHz, TMS): δ
(ppm) = 4.3 (2H, t), 4.1 (2H, t), 3.7 (14 H, broad peak), 3.5 (2H, m), 3.3 (3H, s), 2.6 (12H, broad
m), 2.2 (2H, broad s), 1.6 (2H, t), 1.4 (14H, m), 0.9 (3 H, t). (M + Na+) from ESI mass spectroscopy
= 651.31(Fig 2.10 and 2.11).
2.5.1.4 Synthesis of Oligourethane (P1)
100 mg of M1 (0.159 mmol) and 35.9 mg of lysine ethylester diisocyanate (M2, 0.159 mmol)
were taken in a 10 mL Schlenk flask and sealed with a rubber septum (Scheme 2. 3). The reaction
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mixture was stirred with continuous argon flow and 3 mL of freshly distilled THF was added to it.
0.06 mg (0.006 mmol) of DABCO dissolved in 0.3 mL THF, was added to this and the reaction
was carried out at 60o C. The polymerization was allowed to proceed for 48 hours, whilst checking
the IR % transmittance at frequent intervals, wherein the disappearance of isocyanate stretch at
2270 cm-1 was monitored (Fig 2.13). 1H NMR was carried out in DMSO-D6 and the disappearance
of the alcohol peaks of M1 after polymerization and generation of additional aliphatic peaks
pertaining to lysine ethylester diisocyanate were observed (Fig 2.12). The molecular weight of the
PU obtained was 7.5 kDa from THF-GPC (Gel permeation chromatography), with a dispersity of
1.3. There was a bimodal distribution that could not be corrected even after dialysis with solvents
like THF, DMF and DCM (Fig 2.13). This was attributed to the amphiphilic nature of the polymer
and it was used without further purification for all the studies. 1H NMR (DMSO-D6, 400 MHz,
TMS): δ (ppm) = 7.6 (1H, broad), 7.2 (1H, broad), 5.1 (2 H, broad), 4.4 (1H, t), 4.2- 4 (6H, broad
m), 3.6-3.4 (12H, broad m), 3.3 (3H, s), 3.1 (2H, broad), 2.75- 2.55 (12H, m), 1.75-1.5 (8H, m),
1.29 (16H, m), 1.25 (3H, t), 0.96 (3H, t).
2.5.2 General Procedure for Dye Encapsulation
The stock solutions of P1 (0.12 mg/mL) and M1 (0.1 mM) respectively, were made by a standard
method of first dissolving the weighed compound in 50 µL acetone, followed by the dropwise
addition of water with stirring. The vial was left uncapped for 6 hours to get rid of the acetone. 10
µL of Nile red (1 mM in acetone) was then added to a 5 mL scintillation vial with a stir bar and
the pre-prepared stock solution (P1/M1) was added to it, dropwise. This mixture was stirred for 6
hours at room temperature, uncapped, allowing the complete evaporation of acetone. Excess
insoluble Nile Red was removed by filtration using a hydrophilic membrane (pore size 0.450 µm)
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before experiment was performed. R6G encapsulation was carried out in the same way. Instead of
filtration, dialysis was done against water, using a 3 kDa cut-off snakeskin dialysis tubing.

c)

d)

Figure 2.5. Intensity of emission vs concentration plot giving the CAC values of a. P1 b. M1. c. DLS
of aqueous solution of M1 indicating assemblies of 130 nm in size. d. Time-dependent THF-GPC
data showing degradation of P1 over 8 days.

2.5.3 General Procedure for CAC Measurement
A 0.12 mg/mL stock solution of polymer was made, by dissolving P1 in 200 µL of acetone in a 20
mL scintillation vial. Water was then added to this solution dropwise, with constant stirring. This
vial was left uncapped for 12 hours to facilitate the evaporation of acetone, completely. The lower
concentrations were prepared from this stock, and all of them were sonicated for 30 minutes and
then equilibrated at ambient temperature for 30 minutes. 10µL of 1mM Nile Red, prepared in
acetone, was taken in a clean and dry vial with a stir bar, one for each polymer concentration. The
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polymer solutions were added drop-wise into the Nile Red containing vials and stirred with the
cap open for 6 hours. These were then filtered using a hydrophilic membrane (pore size 0.450 µm)
and then subjected to fluorescence measurements. The intensity at the maxima (612 nm for P1)
for each concentration was plotted against the different polymer concentrations and the inflexion
point observed was noted as the CAC (Fig 2.5a). Similar procedure was followed for the monomer
M1, with the highest concentration being 0.2mM and the emission maxima observed was 621 nm,
with concentrations ranging from 0.2 mM to 0.01 mM (Fig 2.5).
2.5.4 Dynamic Light Scattering (DLS) Study
DLS was performed on a Malvern nano-zeta sizer instrument with a 637 nm laser source with noninvasive backscattering technology detected at 173⁰. The sizes are reported as the hydrodynamic
diameter (DH) and each measurement was repeated thrice. 0.1 mg/mL solutions of P1 and 0.08
mM of M1 were made in HPLC grade water and filtered using a hydrophilic membrane (pore size
0.450 µm) before the experiment was performed. The volume % plot for M1 in water, revealing
100 nm assemblies in shown in Fig 2.5b.
2.5.5 Transmission Electron Microscope (TEM) Study
For the TEM measurements, P1 solution of concentration 0.1 mg/mL and M1 solution of
concentration 0.08 mM were prepared. One drop of each sample was drop-casted on Formvar
coated Cu grid (400 mesh) and allowed to dry for 24 hours before the images were captured.
2.5.6 Fluorescence Study to determine pH-sensitive Dye Release
A Nile Red stock solution (1mM) was prepared in acetone, and a stock solution of 0.12 mg/mL P1
was prepared in water. 10 µL of the Nile red stock was encapsulated in 1 mL of P1 solution as per
the previously described method. The un-encapsulated dye was filtered and to 1 mL of P1 solution,
0.2 mL of tris(hydroxymethyl)aminomethane (tris) buffer (pH 5.3, 0.1 M and pH 7.4, 0.1 M) were
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added, bringing the concentration of P1 to 0.1 mg/mL. The solution was then transferred to a
cuvette and emission spectra was recorded at frequent intervals. The % dye release was calculated
from the change in emission intensity at the maxima (612nm). A similar procedure was used for
R6G release, wherein 100 µL of 1mg/mL R6G stock was used and the un-encapsulated dye was
dialyzed out against water using a 1 kDa cutoff snakeskin dialysis tube.
2.5.7 Gel permeation Chromatography (GPC) to Study Depolymerization
A 0.1 mg/mL stock solution of P1 in water was prepared by first dissolving P1 in 50 µL acetone,
followed by the dropwise addition of water with constant stirring, in a 20 mL scintillation vial.
The vial was left uncapped for 6 hours to facilitate the evaporation of acetone. The contents of the
vial were divided into three portions and left at room temperature, capped. Each portion was
subjected to lyophilization on day 1, 4 and 8 respectively. The recovered polymer was dissolved
in dry THF and its molecular weight trend studied on the GPC. Fig 2.3 clearly shows the
disappearance of large molecular weight fractions and the evolution of smaller fragments over
time.
2.5.8 Rhodamine 6G (R6G) Encapsulation Studies
2.5.8.1 Encapsulation and stability of the vesicles
To study the pH responsive behavior of the vesicles formed by the monomer M1 and the degraded
P1 chains, rhodamine 6G (R6G) encapsulation was utilized. The procedure followed was similar
to reported studies.1,2 R6G, being a hydrophilic dye, can get encapsulated in the hydrophilic water
pool of the vesicles. 0.1mM stock solution of R6G in acetone and 0.12 mg/mL stock solution of
P1 in water were prepared. 10µL of the R6G stock was added to an empty scintillation 5mL vial,
and 1 mL of the 8-day old P1 stock was added very slowly to the vial, with constant stirring. The
solution was transferred to a 3 kDa cut-off snakeskin dialysis bag and extensively dialyzed against
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water for 24 hours, changing the water every 4 hours. The UV-Vis spectra of the vesicle
encapsulating R6G solution was taken and matched in intensity of free R6G solution (0.8 nM) in
water (Fig. 2.6). The emission intensity of the free R6G was much higher than the encapsulated
R6G

of
same

c)

d)

Figure 2.6. a. UV-Vis spectrum showing absorption intensity of R6G in aged P1 vesicles matched
with that of free R6G. b. Emission intensity of the R6G encapsulated in aged P1 vesicle compared to
that of R6G in bulk water. c. UV-Vis spectrum showing absorption intensity of R6G in M1 vesicles
matched with that of free R6G. d. Emission intensity of the R6G encapsulated in the M1 vesicles
compared to that of R6G in bulk water.

concentration, indicating encapsulation (Fig. 2.6a and 2.6b). The R6G encapsulated P1 vesicles
were then subjected to fluorescence measurements for the next 48 hours. The emission intensity
remained constant, indicating stable encapsulation (Fig. 2.7a).
2.5.8.2 pH sensitive R6G release from the vesicles
The R6G encapsulated vesicles displayed a quenched fluorescence, as depicted in Fig 2.6b and
2.6d, due to being crowded into the water pool of the vesicular interior. When pH 5.3 buffer (0.2

52

mL) was added to this solution, a slow and gradual increase in the emission intensity was observed
(Fig 2.7b), demonstrating the fact that the R6G was now present in a more bulky medium. Since
the β- thioester bonds of the monomer (M1) and oligomers (aged P1) hydrolyze, they lose their
amphiphilicity and thus disassemble, releasing R6G into the bulk water. R6G was encapsulated
inside 1 mM M1 vesicles as described above. These were then subjected to 200 µL of pH 5.3 tris
buffer, thus bringing the total concentration of M1 down to 0.8 mM. They were then monitored
for over 24 hours, till the emission intensity attained saturation (Fig 2.7b). This experiment was
also performed on aged P1 vesicles of concentration 0.12 mg/mL, which yielded similar results
b)

a)

d)

c)

Figure 2.7. a. Fluorescence spectra of R6G encapsulated aged P1 vesicles indicating the stability of
encapsulation. b. R6G release from M1 vesicles at pH 5.3.c. Fluorescence spectra of pH sensitive
behavior of R6G d. Fluorescence spectrum of dye release at pH 5.3 from the P1 micelles
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(shown in the main paper, Fig 2.4c).
2.5.8.3 Control experiment of subjecting R6G to acidic pH
The R6G encapsulated vesicles showed pH sensitive behavior, as reported, by showing an increase
in the emission intensity with acidic pH. But R6G in itself, shows changes in emission intensity
with acidic pH. So to verify that the changes in emission intensity was from the release of R6G, a
control experiment was done where R6G alone was treated with pH 5.3 tris buffer and its emission
monitored over time (Fig 2.7c). 1 nM stock solution of the R6G dye was made in HPLC grade
water (pH 7.2). 0.8 nM solution was made from this stock and its emission intensity recorded.
Then, to 800 µL of the R6G stock, 200 µL of the tris buffer (pH 5.3) was added, bringing the R6G
concentration to 0.8 nM. The acidic R6G solution’s emission intensity was monitored over 48
hours. The emission intensity reduced in 6 hours and remained constant then on. This could be one
of the reasons why we did not observe 100% recovery in fluorescence for R6G release studies (Fig
2.7b).
2.5.9 Evaluation of cytotoxicity
The in vitro cellular viability of the amphiphilic polymer P1 was evaluated on healthy HEK 293T
and HeLa cancer cell lines. The cells were cultured in T75 cell culture flasks using Dulbecco's
Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F12) with 10% fetal bovine serum (FBS)
supplement. The cells were seeded at 10,000 cells/well/200 µL in a 96 well plate and allowed to
grow for 24 hours under incubation at 37 °C and 10% CO2. These cells were then treated with
polymers of different concentrations, highest being 0.125 mg/mL and were incubated for another
24 hours. Cell viability was measured using the Alamar Blue assay with each data point measured
in triplicate. Fluorescence measurements were made using the plate reader SpectraMax M5 by
setting the excitation wavelength at 560 nm and monitoring emission at 590 nm on a black well
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plate. The results revealed that they were non-cytotoxic to these cell lines used at the
concentrations tested (Fig 2.8).

Figure 2.8 a. % cell viability plot of P1 on HEK 293T cell lines b. % cell viability plot of P1 on Hela cell
lines.

2.5.10 Degradation studies
ESI mass spectroscopy was used to study the degradation of M1. The DTT monomer was
incubated at pH 7.4 and pH 5.3 tris buffer for 5 days and then lyophilized. The degradation
products were dissolved in water and methanol mixture. The pH 7.4 sample readily dissolved and
the ESI indicated no degradation of the monomer (Fig 2.9). The pH 5.3 sample, however, did not
dissolve and was turbid. Sodium hydroxide was added to deprotonate the diacid by-product, to
enhance solubility. The ESI was indicative of two degradation products (Fig 2.9). The decyl
alcohol (an expected degradation product) however, did not show up. A control experiment was
performed, where the ESI of commercially available decyl alcohol was tested. This did not ionize
and give any signal in the ESI, indicating its poor ionizability and maybe poor detection by the
instrument towards low molecular weights.
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a)

b)

Figure 2.9. a. The ESI of DTT monomer incubated in pH 7.4 buffer. b. The ESI of DTT monomer
incubated in pH 5.3 buffer.
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*

Figure 2.10. 1H-NMR spectra of monomer M1 in CDCl3. * indicates solvent peak.

Figure 2.11. ESI Mass spectra of M1
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*

**

Figure 2. 12. 1H-NMR spectra of oligomer (P1) in DMSO- d6. * indicates solvent
peak.

a)

b)

Figure 2. 13. a. IR spectra of the polyurethane P1 at various times during polymerization and purified
P1 b. Gel Permeation Chromatography (GPC) performed with THF as solvent and poly (methyl
methacrylate) (PMMA) as standard indicating the presence of a polydisperse polyurethane.
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CHAPTER 3
INTERFACE MEDIATED RELAXATION OF GLASSY POLYMERSOMES
ACTIVATED BY LIGHT
Currently under review. Molla, M. R., Rangadurai, P., Antony, L., Swaminathan, S., de Pablo, J.,
Thayumanavan, S. Interface mediated relaxation of glassy supramolecular polymersomes
activated by light, 2017.
3.1 Introduction
3.1.1 Non-equilibrium Thermodynamics
Systems under equilibrium (supramolecular systems) reside in their lowest free-energy state. The
only way to make these systems move away from that state is to change the free-energy landscape
such that a new energy minimum is created. Systems under kinetic control are trapped in a local
minimum energy state, since the activation energy barrier to go to their thermodynamic assembly
is too high. Biological systems are open systems and can exchange matter and energy with the
environment and this propels their non-equilibrium state of existence.1 This means that a constant
flow of energy is required for the system, and if that is cut off, it ceases to exist and falls into a
thermodynamic minimum (Scheme 3.1). For example, phosphorylation and de-phosphorylation

Scheme 3.1. Schematic representation of the energy landscapes of systems under a) thermodynamic
equilibrium b) kinetic trap and c) far from equilibrium.
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can turn enzymes on and off in the body. The substrate remains in a thermodynamic minimum in
the presence of both kinase and phosphatase. Only in the presence of adenosine triphosphate
(ATP), i.e., the energy input, kinase can phosphorylate the substrate and phosphatase can
dephosphorylate it back. Once the ATP source is cut off, the substrate goes back to its initial
dephosphorylated state of existence (dormant state). The potential of these far-from-equilibrium
systems are yet to be fully understood and tapped, with only a few working examples of them in
literature.1-5
3.1.2 Azobenzene’s Light Responsive Behavior
In this work, have used azobenzene, a molecule well-studied for its light-responsive cis-trans
isomerism, to build a system that works far from equilibrium. There are several advantages of
having light as an energy souce, i.e., i) no production of chemical waste; ii) ease of control of
energy source for a reaction by tuning the wavelength and intensity of the light; iii) opportunity to
work in a small specified area by using lasers and iv) excitations with nanometer resolution by
using near field techniques.6, 7
The regular azobenzene functional group undergoes trans to cis photoisomerization upon
irradiation at 300-360 nm and cis to trans by shining visible light (450-460 nm).8 There are three
different types of azobenzene compounds: azobenzenes, aminoazobenzenes and pseudostilbenes
or push-pull systems.8 The simple azobenzenes like Ph–N=N–Ph have a very intense π→π* band
in the UV region (trans) and a weaker n→π* weaker in the visible (cis). The aminoazobenzene
type (o- or p-(X)–C6H4–N=N–Ar) systems have π→π* and n→π* bands are very close to each
other or even over-lapping, in the UV–vis region. These compounds are mostly donor-donor
azobenenes, i.e., have electron-donor substituents (X) in the ortho or para positions. The π-π* and
n-π* bands are practically superimposed for pseudostilbenes type of system, a single wavelength
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(either UV or visible) of illuminating light can induce both trans to cis and cis to trans
photoisomerizations. In addition, for push-pull azobenzene system, cis isomer is thermally relaxed
back to trans isomer within a few micro seconds because partial conversion of double bond of azo
functional group (N=N to N-N) to a single bond character facilitates the rotation arround N-N bond
to get back to the more stable trans form. 8-10
3.2 Hypothesis and Design
Nature relies on specific molecular recognition events on a cellular surface to transmit signals from
the extracellular space into the intracellular lumen. Inspired by these innate abilities of biological
systems, here, we have sought to develop a robust, reversible system where highly localized
conformational transitions at an interface propagate throughout a material. We utilize azobenzene
to disrupt the interface’s fidelity owing to its reversible photo-induced configurational change. We
hasten to note that azobenzene-based homopolymers have been previously exploited to generate
for photo-induced changes in the volume and shape of the soft materials, in addition to the lightinduced effects on their dichroism and birefringence.11,12
In this report, we have relied on a different mechanism, namely the sensitivity of non-equilibrium
glassy films to interfacial mobility, to achieve unique photo-induced mechanical effects with
extremely low loadings of azobenzene (just one unit per polymer chain), and in the self-assembled
solution state. Recent studies of glass formation by physical vapor deposition show that high
interfacial mobility can lead to creation of well-equilibrated, super-aged glasses and that the
structure of the interface can be imprinted into the bulk material.13-15 Here we turn that concept
around, and show that by targeting the interface of a pre-formed glassy material selectively, one
can create mobility fronts that propagate across a glassy film, leading to transport processes that
can be activated or turned off, through the application of external cues.
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Azobenzene containing micelles and vesicles, where the trans-cis isomerism is studied as the key
for morphology changes, have been previously been studied and reported. 16,17 We have taken it a
step further to investigate in detail the mechanical property changes responsible for reversibly
stabilizing and breaching the membrane. We demonstrate that the light-induced isomerization of
functional groups confined into a molecularly thin layer at the interface of a supramolecular
assembly can cause pronounced ripple effects that are transmitted over long length and time scales
across a glassy polymeric membrane. The proof-of-concept principles proposed here present new
avenues for reversible breaching of polymer-based membrane barriers.
3.3 Results and Discussion
3.3.1 Synthesis and Characterization
The system considered here is based on an amphiphilic block copolymer, b-PEG-azoB-PLA,
where the hydrophilic polyethyleneglycol (PEG) and the hydrophobic poly-DL-lactide (PLA)
blocks are connected with an azobenzene unit at the interface (Mn(GPC) = 18,000 g mol-1, PDI =
1.32) (Figure 3.1, Scheme 3.2). The photo-inducible isomerization of the azobenzene moiety
endows the system with an interfacial trigger. The self-assembly of polymer P2 was achieved via
a co-solvent method to attain a vesicular morphology. The morphology of the aggregates was
verified using transmission electron microscopy (TEM), which showed hollow spherical particles
in the range of 140-150 nm indicative of polymeric vesicles (Fig 3.1b). These assemblies present
a bilayer membrane with a thickness of approximately 8 nm. Dynamic light scattering (DLS) of
the aqueous solution of the polymer suggested the presence of spherical aggregates with an average
hydrodynamic diameter (Dh) of ~165 nm (Fig 3.1c). To confirm the hollow nature of the
aggregates, their radius of gyration (Rg) was measured using static light scattering (Fig 3.1d). The
Rg/Rh ratio of 0.93 shows that these assemblies are indeed hollow spherical particles.18 The
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morphology and assembly formation were further supported by atomic force microscopy (AFM)
images (Fig 3.5c-h) and comparative 1H NMR of the polymer in D2O and CDCl3 (Fig 3.6c).
3.3.2 Self-assembled Behavior
The P2-construct opens the possibility of assembling nanocapsules whose contents could be
released upon interfacial actuation of the azobenzene, thereby providing the means to validate the
mobility ideas proposed here through simple, cross-membrane molecular transport measurements.
We examined whether the membrane of the assembly could serve as a reservoir for hydrophobic
molecules (Fig. 3.2a) by incorporating a water-insoluble dye DiI within it, using the co-solvent
method. Although the microscopy resolution does not allow us to determine the precise location
of the dye molecules, the red emitting spherical particles under the fluorescence optical
polarization microscope (OPM) confirmed its presence within the assembly (Fig 3.2d). Both
absorption and emission intensities of the encapsulated DiI did not change over 15 days, suggesting
high encapsulation stability, comparable to that of covalently crosslinked polymeric assemblies
(Fig 3.2b,c). 19
Since the assembly is vesicular, the aqueous lumen inside these assemblies can also accommodate
hydrophilic dye molecules, such as rhodamine 6G (R6G). After encapsulation of R6G, the
fluorescence of the dialyzed solution was evaluated to confirm the presence of the guest molecules
in the lumen. The emission intensity of the dye molecule at 555 nm within the assembly is much
lower than the absorbance-matched free dye in aqueous phase (Fig 3.2f, g). This reduced emission
is attributed to the encapsulation-induced increase in local concentration of the self-quenching
R6G guest molecules.20,21 OPM images also confirm the presence of R6G within the assembly
interior (Fig 3.2h). The high stability of encapsulation with R6G, too, suggests that the amphiphilic
polymer at the interface provides a robust barrier for molecular transport across the membrane.
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Figure 3.1. Structure and characterizations of the block copolymer, P2 a. Chemical
structure of the block copolymer P2 and cartoon representation of the vesicle with zoomed
region representing bilayer formation. b. TEM images of self-assembled P2 polymer,
negatively stained with uranyl acetate. c. Size distribution and autocorrelation function of P2
aggregates determined by DLS in aqueous medium. d. Partial Zimm plot to determine radius
of gyration, Rg. e and f. AFM height and phase images of P2 vesicle. g and h. Zoomed version
of one vesicle. i, AFM height profile. j. AFM phase profile.

67

3.3.3 Light Sensitive Behavior
The morphology of the assembly localizes the photosensitive azobenzene22 unit at the interface
between the membrane and the aqueous phase in both the lumen and the bulk media, as shown in
Figure 3.1a. The results of our atomistic simulations of these assemblies (see below) confirmed
that the azobenzene groups are indeed confined into a nanometer-thin interfacial layer. Irradiation
of the solution with a 360 nm light (photon flux 1016 cm-2s-1, optical power 2 mW, optical power
density 5.55 mW/cm2) for 4 hours, resulted in a gradual decrease in the absorbance of DiI (Fig
3.2j, k) indicating release of the hydrophobic molecule from the assembly (SI). Under identical
conditions, the assembly did not release any DiI in the dark (Fig 3.7a). To ensure that the observed
absorbance

decrease

is

not

due

to

photobleaching,

DiI

was

encapsulated

in

a

cetyltrimethylammonium bromide (CTAB) micelle. Negligible changes in the absorbance were
observed over the same irradiation period (Fig 3.7b). These results provide the first indication that
the observed molecular release may be attributed to the photoinduced trans-cis isomerization of
azobenzene.
3.3.4 Molecular Release and Non-equilibrium Behavior
A plausible explanation for the observed release could be that the polymer with the cis-isomer of
azobenzene, formed during photo-isomerization, is not a good host for DiI. However, the typical
quantum yield of this photo-isomerization in a small molecule is reported to be between 0.3 and
0.7.23,24 At the irradiation fluence used in this study, this isomerization should be complete in less
than one second. Even possible reductions in the quantum yield due to incorporation into a
polymer fail to explain the molecular release that can be sustained over a 3-hour period. An
alternative possibility could be that the molecular release occurs only during the isomerization
process. If the former scenario was the operating mechanism, then upon irradiating the sample for
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a short time the assembly would continue to release the molecules in the dark, because the initial
isomerization required to compromise the membrane barrier would have been achieved. In the
latter scenario, molecular release would depend on the presence of light, ceasing when the light is
off, and restarting when the light is back on.

To distinguish between these two limiting

possibilities, the DiI-loaded vesicles were irradiated at 360 nm for an hour, at which time there
was about 40% molecular release (Fig 3.3a, b). The solution was monitored for further molecular
release in dark for the next 2.5 hours, during which no change in the absorbance intensity was
observed. When the irradiation was restarted for another hour, the molecular release indeed
resumed. Here, the work is performed through an energy input, falling back into a dynamicallyarrested glassy state in its absence. This behavior is reminiscent of systems that operate far from
equilibrium.1, 2, 4,25
Since the hydrophobic DiI molecules are sequestered in the membrane, it is conceivable that a
perturbation at the interface of the block copolymer could cause molecular release. The only
requirement for this process is that the guest hydrophobic molecules be sufficiently mobile within
the membrane to reach the interface. It was also interesting, however, to investigate the effect of
interfacial activation on the entire membrane barrier, i.e. the effect on the encapsulation stability
of the hydrophilic guest molecules located in the aqueous lumen of the vesicular assembly. As
shown in Figure 3.8 (a-f), the temporal release of the hydrophilic R6G molecules was indeed
observed when the polymer assembly containing R6G was continuously irradiated at 360 nm. The
dye molecule experiences less self-quenching upon release, which is measured as higher
fluorescence in the bulk aqueous medium (Fig 3.2f, g). The molecular release occurred only when
the light was on, confirming non-equilibrium behavior (Fig 3.3e, f). Further evidence of release
was obtained through OPM imaging, where the red emitting particles turned into a more diffused
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red fluorescent background upon irradiation (Fig 3.8g, h). These experiments indicate that the
localized, molecular-level actuation event that occurs at the interface of the glass can propagate

Figure 3.2. Encapsulation ability and stimuli-responsive behavior of P2 vesicles a. Schematic
representation of hydrophilic and hydrophobic guest encapsulation and release from P2 vesicles. b.
Absorption and c. Emission spectra of DiI encapsulated P2 vesicles d. OPM image of DiI loaded vesicle.
e. Chemical structure of DiI molecule. f. Absorbance matched spectra and g. Emission spectra of R6G
in water and R6G in P2 vesicles. h. OPM image of the R6G encapsulated P2 vesicles. i. Chemical
structure of R6G. j. Decrease of DiI absorption intensity with time in presence of UV light and l. Visible
light from P2 v. k. % release of DiI in presence of UV light and m. visible light from P2.
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through the membrane and induce diffusion through an otherwise glassy material.
Visible light irradiation (2mW, 450 nm) also resulted in the release of ~80% DiI molecules over a
period of 480 minutes (Fig 2.2l, m). The rate of release was slower compared to that with UV
irradiation, which is attributed to the lower absorptivity of azobenzene at higher wavelengths. To
test whether increasing the number of lower energy photons from a visible light source can increase
the rate of release, we carried out an experiment with variable photon counts and measured the
rate of release of DiI molecules (Fig 3.9a-e). As expected, the release rate increased (Fig 3.9e),
likely due to the higher number of molecules undergoing photo-isomerization. We also irradiated
the P2 vesicle solution with a higher wavelength light (650 nm), where azobenzene does not
undergo photo-isomerization. In this control experiment, although we used a light source of higher
power (6mW), we did not observe any guest release (Fig 3.9f, g). Also, the size and morphology
of the assemblies before and after exposure to light remained intact, as ascertained by DLS and
TEM (Fig 3.10 a, b). Collectively, these observations demonstrate that these supramolecular
vesicles release their guest molecules only during active photo-isomerization.
3.3.5 Mechanistic Investigations
The following two limiting mechanistic possibilities can be invoked to interpret the observed
behavior: (i) the azobenzene chromophore in P2 contains an amine donor and a carboxylic ester
acceptor, which makes it a donor-acceptor chromophore. The barrier for thermally activated cis
to trans back-isomerization is known to be low for such donor-acceptor chromophores.11
Therefore, the photo-generated cis isomer can convert rapidly back to the trans form. In this
scenario, if this transient cis isomer does not form a stable assembly, it causes the molecular release
to occur far from equilibrium through rapid forth-and-back transitions that become a source of
mobility at the interface; (ii) The photoinduced isomerization process at the interface causes a
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change in the hydrophobic packing, thereby compromising the integrity of the membrane barrier
through fluctuations of density.
Typical azobenzene chromophores exhibit an absorption maximum centered around 350 nm for
the trans isomer and about 450 nm for the cis form, attributed to their π-π* and n-π* transitions
respectively. But these spectral bands are known to overlap for the push-pull azobenzenes.11 The
absorption spectrum corresponding to the azobenzene unit in the polymer did not change in
response to the irradiation in neither 360 nm nor 450 nm light (Fig 3.10c, d). This result supports
the first mechanistic pathway proposed above. However, this behavior by itself does not suggest
that the possible transient cis isomer is the reason for the observed actuation behavior. To test this,
polymer P4 was synthesized where both phenyl rings in azobenzene contain alkoxy units (Scheme
3.3, Fig 3.4e). The lack of donor-acceptor character and the increased bond length alternation26
allows for the discrete formation and characterization of the trans and cis azobenzene based
polymer. Polymer P4, which self-assembles similar to P2 into ~135 nm vesicles (Fig 3.11 a-c),
exhibited an absorption maximum at ~340 nm corresponding to the trans-azobenzene.
Photoirradiation of the vesicular assembly in aqueous phase resulted in a decrease in absorption at
340 nm with a concurrent increase centered at ~440 nm (Fig 3.11d), which corresponds to the cis
isomer. The photostationary cis-rich state was reached in less than 5 minutes. As anticipated from
the electronics of the substituents, the cis-isomer did not thermally relax back to trans-isomer even
after 4 hours (Fig 3.11e).
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Figure 3.3. P2 vesicles demonstrating non- equilibrium behavior. a. Absorption spectrum
indicating DiI release from P2 vesicles during alternating cycles of UV light and dark and c.
visible light and dark. b. % release profile of DiI from P2 vesicles in the alternating presence
of UV and dark, and d. Visible light and dark. e. Increase in the emission intensity of R6G as a
result of its release from P2 vesicle, controlled by alternating cycles of UV light and dark.
f.
Emission intensity profile of R6G during light and dark cycles. Orange portions of b, d and f
indicates release saturation.
If the transient formation of the cis-isomer is the reason for the poor membrane fidelity in the P2
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assembly, then the stable formation of the cis isomer in P4 should cause continuous release of the
guest molecule even in dark, after the initial irradiation. However, here too, both hydrophobic
molecular release from the membrane and hydrophilic molecular release from the lumen were
found to be dependent on energy input (during which time, there would be azobenzene molecules
transitioning between trans and cis states due to the overlap in the absorption spectrum Fig 3.11d,
e). When the irradiation discontinued (cis-rich state), there was no molecular release, but resumed
upon restarting the photo-irradiation (Fig 3.4a-d). This non-equilibrium behavior is independent
of whether the resting state of the assembly is the trans isomer or the cis isomer. These results
unambiguously rule out the transient isomer formation hypothesis.
The results above serve to underscore our hypothesis that isomerization-induced interfacial
mobility leads to transient relaxation of the glassy membrane material in the presence of light. To
further substantiate this hypothesis, molecular dynamics (MD) simulations were performed on the
assemblies described above. In our calculations, the PLA block constitutes the hydrophobic
membrane barrier. This block is particularly sensitive to the disruption caused by the surface
activation at the block copolymer interface. Therefore, factors that affect the packing and
permeability of this block in its self-assembled state are of interest. Simulation studies were
performed using the all-atom optimized potential for liquid simulations (AA-OPLS) force field
with TIP4P water model.27,28 Each polymer consisted of 20 ethyleneglycol monomers in PEG,
along with shorter or longer hydrophobic blocks in the form of 10 or 20 lactide monomers (as
defined in Fig 3.1a), respectively. Due to system size constraints for atomistic simulations, we
focused on a small section of the bilayer (Fig 3.4j). Pristine PLA has an experimental Tg in the
range of 330 K to 345 K23, 24 and the experimental Tg of PLA in P1 was found to be slightly
lower, consistent with that found in the case of PLA in block copolymers. 29,30 To account for the
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Tg of PLA, an annealing run was performed from 450K to 298K. An iterative procedure was used
to simulate photo-excitation and isomerization, where the stochastic nature of photo-excitation
was not enforced, given the time scales accessible to simulations, and the focus was on the
structural and dynamic changes that occur during successful isomerization events.
The glass transition and glassy nature of materials all depend on the observation timescales. In allatom simulations, these timescales are on the order of nano-seconds, which are much shorter
compared to those in experiments. Therefore, the Tg in all-atom simulations is generally calculated
as the lowest simulated ﬁctive temperature (Tf) for the material, i.e., as the intersection of the
equilibrium super-cooled liquid extrapolated to lower temperatures, and the glass line extrapolated
to higher temperatures. For PLA, the Tf was calculated by examining the density of the system
and the Debye-Waller (DW) factor for PLA as a function of temperature, evaluated during the
cooling of the longer chains (Fig 3.13). The average mean-squared-displacement of the hydrogen
atoms for a set ∆t=10 ps was used to calculate the DW factor, which provides a measure of local
mobility. A Tg of 390 K was estimated from our simulations, which is approximately 45-60 K
higher than the experimental Tg for the polymer (Fig 3.13). This difference is expected for allatom simulations – when one considers that Tg is known to change by approximately 3 to 5 K per
decade of cooling rate. The mobility of the water molecules in and through the bilayer is not only
dependent on the temperature of the system, but is also strongly dependent upon whether the PLA
is in a glassy state or not. Once the PLA falls out of equilibrium and enters a glassy state, the
mobility of the water in the PLA decreases drastically. Rather than being diffusive, water motion
consists of rare hopping events, which are characteristic of transport in glassy polymers (Fig 3.13).
The mobility of various components of the system was calculated throughout the photo-excitation
process. In Figure 3.13, the mobility of the PLA molecules and water within the PLA region was
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calculated as a function of time for the shorter chains. During the 5 ns prior to the light perturbation,
there is little change in the DW factors for either the PLA or the water within the PLA region.
Once the photo-excitation process is enacted, both DW factors increase appreciably, in a step-like
manner (Fig 3.4k,l). After the photo-excitation process is over, the PLA DW factor relaxes to its
value prior to the excitation process. The DW factor for the water decreases for both the 10% and
30% proportions. Note that more water enters the PLA region during the photo-excitation process
(Fig 4.4m), which may account for the slight difference in behavior of the water DW factor before
and after the photo-excitation process. A similar effect was observed for the longer chains (Fig
3.13c, d).
3.3.6 Photofluidization
These results show that the photoinduced isomerization event causes an increase in the mobility
of the azo groups, which then propagates to both the PLA and the water inside the PLA region.
These mobilities can be reasonably implicated in the triggered compromise of the hydrophobic
barrier that facilitates cross-membrane transport of water-solvated and membrane-bound
molecules. Additional effects could further enhance the enhanced mobilities themselves, such as
the possible local heating caused by the non-radiative, thermal relaxation of the photoexcited
azobenzene moieties at the interface of the polymer. It is unclear whether this heating would be
sufficient to cause the entire PLA film to temporarily go above its Tg, and cause an increase of
segmental mobility. Our simulations, however, which do not incorporate any thermal effects,
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Figure 3.4. Mechanistic investigations to understand the P2 release mechanism a. Control
of DiI release from P4 vesicles. b. % release from P4 vesicles. c. R6G release from P4 vesicles
d. Emission intensity of R6G from P4 vesicles. (Orange portion indicates release saturation).
e. Structure of P4 f. Structure of small molecule azobenzene (12) g. Structure of PEG-PLA P5
h. % release in PEG-PLA with small molecule (12) and DiI co-encapsulated under UV light. i.
Absorption spectra of DiI encapsulated P2 through a heating and cooling cycle. j. Absorption
spectrum showing the trans-cis-trans switchability of P4 k. AA-OPLS simulation model.
Snapshot of the bilayer with 20 PLA monomers. There are some water molecules (blue) that
enter into the PLA region (ochre) during equilibration. PEG is colored black and the azobenzene
linkers are colored red. l, m, n. Indicates 20-PLA chain photo-excitation process. Gray box
indicates simulated photo-excitation. Portion of azobenzene excited: 1% (black), %5 (red),
10% (blue), 20% (green), and 40% (yellow).
clearly indicate that the mechanical actuation caused by the isomerization events at the interface
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is sufficient to cause the increased mobility, without having to invoke local heating to explain our
observations.
To experimentally test this theory, i.e. whether molecular release can be achieved by simply taking
PLA above its Tg due to local heating, hydrophobic molecular release from the membrane and the
hydrophilic molecular release from the lumen of the assembly were monitored at different
temperatures. Even at temperatures above the Tg of PLA, there was no molecular release in either
of these cases (Fig 3.4i).

A control PEG-PLA block copolymer without the photoactive

azobenzene at the interface was synthesized (Fig 3.4g, Scheme 3.4) and hydrophobic azobenzene
small molecules were non-covalently incorporated as guest molecules, along with DiI, within the
vesicular membrane of this polymer (Fig 3.4f, Scheme 3.4).

When these non-covalent

azobenzenes are photoexcited, the non-radiative, thermal relaxation of these guest molecules did
not cause local heating of the PLA domains, as there was no molecular release from the membrane
(Fig 3.4h). Additional support for our photo-activated molecular release kinetics comes from
experiments at different temperatures. The molecular release process exhibits a linear Arrhenius
behavior, including in the temperature range above and below the Tg of PLA (Fig 3.12c, d). Here
it is important to note that transport in glasses generally exhibits an Arrhenius temperature
dependence in the vicinity of the glass transition temperature, consistent with our experimental
observations. Therefore, the alternative explanation of mechanical actuation at the interface is
proposed as the operating mechanism for the observed processes.
3.4 Conclusions
Our results show that a single functional group at the hydrophobic/hydrophilic interface of a
membrane can be utilized to dynamically propagate a molecular level actuation event across a
glassy polymeric nanomaterial. Recent discoveries have shown that interfacial mobility in glassy
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films can lead to effects that are felt far from an interface, and have been used to create new types
of ultra-stable and anisotropic glass films.31 In this work, those concepts have been inverted, and
used to introduce a mechanism for actuation of glassy materials at interfaces. We show that
actuation about a single chemical bond can cause perturbations of a membrane that are felt over
distances that surpass 500 chemical bonds in the PLA domain. The fact that the membrane barrier
is activated only in the presence of an energy input also suggests that these events take the system
into an active, out-of-equilibrium state that can be turned off in the absence of external cues.
Computer simulations have been used to establish a detailed correspondence between the surfaceinduced activation mechanism and the dynamic facilitation that is observed in homogeneous glass
ﬁlms. In the systems considered here, we propose that in the absence of light activation, the
azobenzene groups are tightly packed and create an interface of low mobility. Upon isomerization,
the interface undergoes a sudden increase of mobility that rapidly propagates into the bulk of the
PLA-based glassy membrane, partly as a result of the oriented nature of the PLA chains in the
assemblies considered here. The principles developed here have implications in applications such
as controlled release and cryptic catalysis.
3.5 Materials and Methods
All the reagents were purchased from commercial sources and used as such without further
purification. 1H NMR spectra was recorded on a Bruker DPX-400 MHz NMR spectrometer and
all the spectra were calibrated against trimethylsilyl (TMS) standard. Dynamic Light Scattering
(DLS) measurements were carried out on a Malvern Nanozetasizer. TEM images were recorded
on a JEOL-2000FX machine operating at an accelerating voltage of 100 kV. Fluorescence
emission spectra were recorded on a JASCO (FP-6500) fluorimeter. UV-Vis spectra were recorded
in a Carry 100 Scan spectrometer. Optical fluorescence microscopic images were captured on
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Olympus Fluorescence Microscope (BX51). Mass spectrometric data were acquired by an electron
spray ionization (ESI) technique on a Q-tof-micro quadruple mass spectrometer (Micro mass).
Atomic force microscopy (AFM) images were obtained on DI 3000 AFM Four machine.
3.5.1 Synthesis and Characterization

Scheme 3.2. Synthetic route for the polymer P2.
3.5.1.1 Synthesis of Compound 2
Poly (ethylene glycol) monomethyl ether ( Mn = 5000) (5 g, 0.001 mol) and triethylamine (0.05 g,
0.005 mol) were taken in a 100 mL round bottomed flask and dissolved in 30 mL dry
dichloromethane and the reaction mixture cooled to 0 oC32. Then 4-toluenesulfonyl chloride (0.95
g, 0.005 mol) was added to the reaction mixture and it was allowed to go on for 2 h at 0oC followed
by 12 h at room temperature (RT). The reaction was then terminated, the product precipitated from
diethyl ether and recrystallized from ethanol (yield = 95 %).
1

H-NMR (400 MHz, DMSO-d6, TMS): δ (ppm) = 7.78 (d, 2H), 7.48 (d, 2H), 4.10 (t, 2H), 4.34 (t,

2H), 3.67 (t, 4H), 3.52-3.40 (m, 446H), 3.23 (s, 3H), 2.42 (s, 3H).
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3.5.1.2 Synthesis of Compound 4
Compound 2 (3 g, 0.6 mmol) and 3 (0.4 g, 2.9 mmol) were taken in a round bottomed flask and
dissolved in 50 mL dry dimethylformamide along with activated potassium carbonate (0.4 g, 2.9
mmol) 32. The reaction mixture was placed in a preheated oil bath at 50 oC and stirred for 24 h.
Then the reaction was stopped and poured into an excess of cold diethyl ether to precipitate the
product. It was recrystallized in ethanol to get pure product in 72 % yield.
1

H-NMR (400 MHz, DMSO-d6, TMS): δ (ppm) = 7.63 (d, 2H), 6.56 (d, 2H), 5.97 (s, 2H), 4.26 (t,

2H), 3.68 (t, 4H), 3.52-3.40 (m, 446H), 3.23 (s, 3H).
3.5.1.3 Synthesis of Compound P1
Aqueous solution (1 mL) of compound 4 (0.63 g, 0.13 mmol) was cooled to 0 oC temperature and
0.1 mL of concentrated hydrochloric acid (HCl) was added along with aqueous solution of sodium
nitrite (NaNO2) (45 mg in 0.5 mL water). Then cold DMF solution of compound 5 (0.145 g, 0.9
mmol) was added dropwise to the reaction mixture and allowed to stir at RT for 72 h under inert
atmosphere. The reaction mixture was diluted with 20 mL chloroform and washed with water (3
x 30 mL) and brine (1 x 30 mL). The organic layer was collected and dried over anh. sodium
sulfate (Na2SO4). The chloroform layer was then precipitated from diethyl ether to get red color
solid product in quantitative yield.
1

H-NMR (400 MHz, DMSO-d6, TMS): δ (ppm) = 8.10 (d, 2H), 7.87 (d, 2H), 7.80 (d, 2H), 6.86

(d, 2H), 4.84 (t, 2H), 4.42 (t, 2H), 3.77-3.43 (m, 454H), 3.23 (s, 2H), 1.16 (t, 3H). GPC (DMF):
Mn = 6000 g mol-1, PDI = 1.10.
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Scheme 3.3. Synthetic route for the control polymer P4.

P3

Scheme 3.4. a. Synthesis of the small molecule DA azobenzene 12. b. Synthesis of the PEGPLA block copolymer P5.
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3.5.1.4 Synthesis of Polymer P2
Lactide monomer (3,6-Dimethyl-1,4-dioxane-2,5-dione) was first recrystallized several times
from ethyl acetate and dried thoroughly. Then 190 mg (1.3 mmol) of the monomer and the catalyst,
tin (II) 2-ethylhexanoate (Sn(Oct)2) (12 mg, 0.2 mmol), were taken in a Schlenk flask and dissolved
in 0.6 mL of dry toluene33. The macroinitiator P1 (70 mg, 0.013 mmol) was dissolved in dry
toluene (0.5 mL) and added to the reaction mixture. The resulting reaction mixture was placed in
a preheated oil bath and stirred at 120 oC temperature under argon atmosphere for 48 h. The
reaction was stopped, cooled to room temperature and the product precipitated from cold diethyl
ether. To remove the unreacted macroinitiator, it was dialyzed (MWCO 7000 Da) against water
for 48 h while water was changed every 6h. The resulting solution was lyophilized to get orange
color solid polymer.
1

H NMR (400 MHz, CDCl3, TMS): δ (ppm) = 5.21 (broad peak, 1H), 3.70 (PEG protons), 3.40 (s,

3H), 1.57 (broad peak, 2H). 13C NMR (400 MHz, CDCl3) δ 169.7, 169.4, 169.1, 70.6, 69.2, 69,
16.7, 16.7. GPC (DMF): Mn = 18000 g mol-1, PDI = 1.32.
3.5.1.5 Synthesis of compound 7
Compound 2 (700 mg, 0.67 mmol) and p-nitro phenol (94 mg, 0.67 mmol) were taken in a round
bottomed flask along with activated potassium carbonate (94 mg, 0.67 mmol). All the reactants
were dissolved in 50 mL dry DMF and the reaction mixture was placed in a preheated oil bath at
60 oC and stirred for 30 h. Then the reaction was stopped and poured into an excess of cold diethyl
ether to precipitate the crude product as a yellow color solid. It was dialyzed (MWCO 3500 Da)
against water for 24 h to remove unreacted nitro phenolate. The dialyzed solution was lyophilized
to get pure product as off white color solid in 75% yield.
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1

H NMR (400 MHz, CDCl3, TMS): δ (ppm) = 8.25 (d, 2H), 7.01 (d, 2H), 4.30 (t, 2H), 3.90 (t, 2H),

3.8-3.5 (m, PEG protons), 3.41 (s, 3H).
3.5.1.6 Synthesis of compound 8
Compound 7 (500 mg, 0.09 mmol) was dissolved in 50 mL of ethanol in a reaction bottle. 150 mg
of Pd/C was added slowly to the methanol solution of compound 7. The reaction bottle was then
connected to a shaker hydrogenator apparatus under the pressure of 40 psi. After 24 h reaction was
terminated, filtered through celite and the solvent was evaporated to get the pure product in
quantitative yield.
1

H NMR (400 MHz, CDCl3, TMS): δ (ppm) = 6.81 (d, 2H), 6.45 (d, 2H), 4.20 (t, 2H), 3.90 (t, 2H),

3.81-3.52 (m, PEG protons), 3.41 (s, 3H).
3.5.1.7 Synthesis of compound 9
Aqueous solution (1 mL) of compound 8 (400 mg, 0.05 mmol) was cooled to 0 oC and 0.1 mL of
concentrated HCl was added to it along with an aqueous solution of NaNO2 (45 mg in 0.5 mL
water). In a separate vial, phenol (145 mg, 1.54 mmol) was dissolved in aqueous solution (1 mL)
of sodium hydroxide (150 mg, 3.75 mmol) and added dropwise to the solution of compound 8.
The resulting reaction mixture was stirred at room temperature for 15 h. The reaction was stopped
and dialyzed (MWCO 3500 Da) against water for 24h to remove unreacted excess phenolate. The
dialyzed solution was lyophilized to get pure product as light yellow color solid in 90% yield.
1

H NMR (400 MHz, DMSO, TMS): δ (ppm) = 7.81 (d, 2H), 7.54 (d, 2H), 7.21 (d, 2H), 6.91 (d,

2H), 4.55 (d, 2H), 4.30 (t, 2H), 3.90 (t, 2H), 3.8-3.5 (m, PEG protons), 3.41 (s, 3H).
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3.5.1.8 Synthesis of P3
Compound 9 (220 mg, 0.042 mmol) and 3-bromo 1-propanol (23 mg, 0.17 mmol) were taken in a
round bottomed flask along with activated potassium carbonate (20 mg, 0.14 mmol) and catalytic
amount of potassium iodide. All the reactants were dissolved in 10 mL dry DMF and the reaction
mixture was placed in a preheated oil bath at 60 oC and stirred for 24 h. The reaction was stopped
and dialyzed (MWCO 3500 Da) against water for 24 h to remove any unreacted 3-bromo 1propanol. The dialyzed solution was lyophilized to get pure product as light yellow color solid in
85% yield.
1

H NMR (400 MHz, DMSO), TMS): δ (ppm) = 7.84 (d, 1H), 7.55 (d, 1H), 7.42 (d, 1H), 7.11 (d,

1H), 4.58 (2H, t), 4.14 (2H, t), 3.7-3.45 (PEG protons, and –CH2OH protons, m), 3.24 (3H, m),
2.1 (2H, m). GPC (DMF): Mn = 6000 g mol-1, PDI = 1.10.
3.5.1.9 Synthesis Polymer P4
Before the polymerization reaction was set up, lactide monomer was recrystalized from ethyl
acetate33. Then, lactide monomer (200 mg, 1.38 mmol) and catalyst tin (II) 2-ethylhexanoate
(Sn(Oct)2) (12 mg, 0.21 mmol) were taken in a Schlenk flask and dissolved in 0.5 mL dry toluene.
The macronitiator P3 (60 mg, 0.011 mmol) was dissolved in dry toluene (0.5 mL) and added to
the reaction mixture. The final reaction mixture was placed in a preheated oil bath and stirred at
120 oC temperature under argon atmosphere for 48 h. The reaction was stopped, cooled to RT and
precipitated from cold diethyl ether. To remove unreacted macroinitiator, it was dialyzed (MWCO
7000 Da) against water for 48 h while water was changed every 6 h. The resulting solution was
lyophilized to get orange color solid polymer.
1

H NMR (400 MHz, CDCl3, TMS): δ (ppm) = 5.20 (broad peak, 1H), 3.71 (PEG protons), 3.41 (s,

3H), 1.55 (broad peak, 2H). GPC (DMF): Mn = 10000 g mol-1, PDI = 1.30.
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3.5.1.10 Synthesis of compound 12
Aqueous solution of compound 10 (Fig 3.7) (1g, 6.6 mmol) was cooled to 0 oC and 0.1 mL conc.
HCl was added to it slowly with stirring, followed by an aqueous solution of NaNO2 (1.3g. 19.8
mmol). A cold solution of compound 11 in DMF was added dropwise to the reaction mixture. The
reaction was allowed to proceed for 6 h and then diluted with chloroform and washed with water
and brine. The chloroform layer was concentrated and run through a purification silica gel column
to get compound 12 in quantitative yield.
1

H NMR (400 MHz, CDCl3, TMS): δ (ppm) = 8.2 (d, 2H), 8 (d, 2H), 7.8 (d, 2H), 7 (d, 2H), 4 (s,

3H), 3.8 (t, 2H), 3.5 (t, 2H), 3.3 (q, 2H), 0.9 (t, 3H)
3.5.1.11 Synthesis of compound P5
Lactide monomer was recrystallized from ethyl acetate and used for polymerization. Lactide
monomer (1g, 6.9 mmol), poly(ethylene glycol)methyl ether (347mg, 0.069 m.mol, Mn:5 kDa)
and catalyst tin (II) 2-ethylhexanoate (Sn(Oct)2) (34 uL, 0.104 mmol) were taken in a Schlenk
flask and dissolved in 1 mL dry toluene. The reaction mixture was placed in a preheated oil bath
and stirred at 120 oC temperature under argon atmosphere for 48 h. The reaction was stopped,
cooled to RT and precipitated from cold diethyl ether to obtain the polymer.
1

H NMR (400 MHz, CDCl3, TMS): δ (ppm) = 5.20 (broad peak, 1H), 3.71 (PEG protons), 3.41 (s,

3H), 1.55 (broad peak, 2H). GPC (DMF): Mn = 16,000 g mol-1, PDI = 1.30.
3.5.3 Transmission Electron Microscope (TEM) Study
The same polymer solution that was prepared for the DLS study was used for TEM measurements.
The sample was drop-casted on a carbon coated copper grid and air dried for 12 h. The average
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diameters of the vesicles by TEM were found to be slightly lower than the hydrodynamic diameter
a

b

Figure 3.5. a. 1H-NMR spectra of monomer, macro-initiator and polymer P2. Black, red and blue
spectra correspond to monomer, macro-initiator and polymer P2 respectively. * indicates solvent
peak. b. GPC chromatogram of macroinitiator P1 and polymer P2. Red and black spectra
correspond to macro-initiator and polymer respectively. Solvent = DMF, Temperature = 25oC,
Molecular weight and PDI were calculated with respect to PMMA standards. c and d. AFM height
and phase images of P2 vesicle. e and f. Zoomed version of one vesicle. g, AFM height profile.
h. AFM phase profile.
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by DLS measurements owing to shrinkage of the membrane in the dried state.
3.5.2 Dynamic Light Scattering (DLS) Study
For the DLS measurements, 0.5 mg of the polymer P2 was dissolved in 200 µl of acetone and, 1
mL water was added to it drop-wise for 10 minutes with constant stirring. The solution was kept
open for 12 h to evaporate acetone. It was then filtered using hydrophilic membrane (pore size
0.450 µm) before the measurements were recorded.
3.5.4 Atomic Force Microscopy (AFM) Study
One drop of the polymer solution (made for DLS) was placed on silicon wafer and dried in air for
12 h before images were taken. Considerably lower height of the vesicle compared to the width,
and larger size compared to the TEM and DLS sizes can be attributed to the flattening of the hollow
soft vesicular particle due to adsorption on the surface34.
3.5.5 Static Light Scattering (SLS)
Static light scattering (SLS) measurements were performed on a ALV/SP-125 goniometer
instrument. The same solution, prepared for DLS was also used for SLS study. Here, data was
collected for different angles (30°, 40°, 50°, 60°, 70°, 80°, 90°, 100°, 110° and 120°) of incident
light source, keeping the concentration of the solution same in all the measurements. The radius
of gyration (Rg) was estimated from partial Zimm plot using the equation- I -1 = C (1 + Rg2 q2 / 3),
where, I = I'. Sinθ; I' = intensity of scattered light;  = the angle of scattered light; C = constant; Rg
= the radius of gyration; q = magnitude of the scattering wave vector; q = 4πn.sin ( /2) /λo (n =
refractive index of the liquid and λo = the wavelength of light in vacuum). From the slope of this
plot, Rg was estimated.
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3.5.6 Self-Assembly Studies by NMR
2 mg of polymer P2 was dissolved in 200 µl of acetone and 1 mL D2O was added drop wise to the
acetone solution. The solution was kept open for 12 h to evaporate acetone from the solution and
the 1H NMR was recorded.
3.5.7 Fluorescence Microscopy Studies
In a typical fluorescence microscopic experiment, 50 μl of dye encapsulated vesicle solution was
placed on a cleaned glass slide, and a cover glass was placed on it. Images were captured on a
fluorescence microscope (OLIMPUS BX-51) in 40 x magnification.
3.5.8 UV and Photoluminescence Studies
All the experiments were carried out at 25o C using a quartz cuvette of 0.2 cm path length.
3.5.8.1 DiI Encapsulation
To the vesicle solution of P2 polymer, 10 µl of DiI solution in acetone was added and stirred for
12 h at 25 oC temperature. The vial was kept open to evaporate the acetone from the solution. The
solution was then filtered through a hydrophilic membrane (pore size: 0.45 µm) before any
experiment was performed.
Optical polarization microscopy (OPM) was also performed to confirm dye encapsulation. A drop
of 0.1mg/mL polymer with DiI encapsulated, was placed between a glass slide and a cover slip.
The dye by itself is insoluble in water, therefore we cannot see any absorbance or emission
corresponding to it (Fig 3.2b and c, Red). However, when the dye is encapsulated in the
hydrophobic pockets of the vesicle, one can observe the absorbance and emission. The dye release
from the vesicle upon irradiation of light can be observed from the absorbance and emission
spectrum. The intensity goes down as the dye is released from the vesicle, rendering it insoluble.

89

a

b

c

Figure 3.6. a. Empty P2 vesicles and R6G loaded vesicle. Top. Zoomed version of TEM image
of a vesicle (negatively stained with Uranyl Acetate). Bottom. TEM image of R6G loaded
vesicle. b. TEM images of P2 vesicles without negative staining. c. 1H-NMR stack plot of nonaggregated (Black) and aggregated P2 polymer (Red). * indicates solvent peak.
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Although the resolution of optical microscopy does not allow us to determine the precise location
of the dye molecules, the red emitting spherical particles under the fluorescence optical
polarization microscope (OPM) confirmed its presence within the assembly (Fig 3.2d).The release
% can be quantified from the absorbance spectrum using the following equation: [(Io-It)/Io]*100
where Io is the initial intensity of absorbance and It is the absorbance intensity at any time‘t’.

Figure 3.7. Control experiments with P2 vesicle in dark and CTAB micelle. a. Release of
DiI molecules from P2 vesicle in dark. b. Release of DiI from CTAB micelle in presence of
UV light and in c., dark. d. % Release of DiI from P2 vesicle in dark and from CTAB micelle
in presence of UV light and dark as well.
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h

g

Figure 3.8. R6G release experiments in presence of UV/Visible light. a. Release of R6G in
presence of UV light. b. R6G release in presence of a visible light (blue and wavelength =
450 nm). c. Control experiment in dark. d and e., Change of emission intensity with time in
presence of UV/Vis light. f. Control experiment using visible light (red) of 650 nm
wavelength where photo-isomerization does not happen. Optical polarization microscopic
(OPM) images. g. Image of R6G encapsulated P2 vesicle. Red particle indicates R6G loaded
P2 vesicle. h. Image after the UV irradiation of the R6G loaded vesicle. Red background
indicates release of the R6G in the bulk water.
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3.5.8.2 R6G Encapsulation
1 mg of R6G was dissolved in 100 µl MeOH and the MeOH was evaporated to make a thin film
of R6G. To this thin film, vesicle solution of P2 (1 mg/mL) was added with constant stirring. The
solution was stirred for 2 h and the resulting mixture was dialysed against water for 3 days while
the water was changed in every 6 h interval. This dye encapsulated solution was used for optical
spectroscopic measurements.
Rhodamine 6G is a water soluble dye. After encapsulation of R6G, the polymer solution was
extensively dialyzed against water to get rid of excess unencapsulated dye. Fluorescence of the
dialyzed solution was then evaluated to confirm the presence of the guest molecules in the lumen.
The emission intensity of the dye molecule at 555 nm within the assembly is much lower than the
absorbance-matched solution of the free dye in the aqueous phase (Fig 3.2f, g). This reduced
emission is attributed to the encapsulation-induced increase in local concentration of the selfquenching R6G guest molecules. Upon irradiation, the R6G molecules upon release into the bulk,
will experience much less self-quenching which can be observed with a recovery in the
fluorescence intensity (Fig 3.3e).
OPM images also confirm the presence of the dye molecules within the assembly interior (Fig
3.2h)
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f

g

Figure 3.9. DiI release from P2 by varying number of photons from visible light. a and c. Change of
absorption intensity of DiI in presence of visible light (450 nm, a, photon flux = 6.3x 1016 cm2s-1 and c,
photon flux = 2.5x 1016 cm-2S-1 ). b and d. % release of DiI in presence of visible light (b, photon flux = 6.3x
1016 cm-2S-1 and d, photon flux = 2.5x 1016 cm-2S-1). e, Determination of release rate by varying the number of
photons from visible light. Rate of release increases with the increase of number of photons. Release in
presence of a visible light of 650 nm wavelength. f. Release of DiI from P2 vesicle in presence of 650 nm
wavelength light. g. Plot of % release with time.
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3.5.8.3 Calculation of Dye Loading Efficiency and Loading Capacity
The dye loading efficiency (DLE) and dye loading capacity (DLC) were calculated by absorption
spectroscopy using the following equations:
DLE (%) = [weight of dye in vesicles/weight of dye in feed] ×100%
DLC (%) = [weight of dye in vesicles/weight of dye loaded vesicles] × 100%
The dye loading capacity of the P2 vesicles were found to be 29% and 2%, and their dye loading
efficiencies were 40% and 13% for DiI and R6G respectively. The guest encapsulation capacities
of these assemblies were 29 wt% and 2 wt% for DiI and R6G, respectively (SI). The large
difference in this capacity is attributed to the fact that the bulk aqueous medium provides a
competitive solvation environment for R6G, but not for the hydrophobic DiI molecule.
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Figure 3.10. Size and morphology of P2 vesicle after 6h exposure to UV light. a. Comparison of
DLS profile of P2 vesicle before and after the UV light exposure with the corresponding correlation
functions on the left. b. TEM image (negatively stained with Uranyl Acetate) of P2 vesicle after treated
with UV light. Photo-isomerization in presence of UV/Visible light. c. Time dependent absorption
spectra of P2 vesicle solution in presence of UV and d. visible light respectively.
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e

Figure 3.11. Chemical structure, size and morphology of control polymer P4. a. Structural
representation of control polymer P4. b. DLS profile of the self-assembled P4 polymer. c. TEM images
(negatively stained with Uranyl Acetate) of self-assembled P4 polymer. Photoisomerization of P4
polymer in presence of UV light. d. Under UV light trans isomer converts to cis isomer within 5
minutes. e. Change of absorption spectra of cis isomer in dark, over 4h.
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40.65 oC

47.93 oC

c

d

Figure 3.12. Thermal behavior of P2 a. DSC plot showing a melt endotherm at 47 oC b. TGA plot
of P2 showing the % weight loss of PLA from 210 oC and PEG % weight loss from 350 oC. Testing
Arrhenius behavior of P2 c. % release of DiI from P2 equilibrated at different temperatures, under
UV stimulus. d. ln k vs 1/T displaying a linear Arrhenius fit.
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3.5.9 Light Responsive Dye Release Studies
Dye encapsulated vesicle solution was taken in a quartz cuvette and kept under UV light (360 nm),
visible light (450 nm) or the appropriate aforementioned light source, separately. Release of the
dye molecules were monitored by absorption and fluorescence spectroscopy. A small stir plate
with temperature control was used inside the UV chamber, for the Arrhenius fit studies. For each
set of measurements, an oil bath was preheated inside the UV chamber, inside which the sample
was clamped, with constant stirring for each measurement.
3.5.10 Thermal studies
Thermogravimetric analysis (TGA) was performed using a TGA Q500 system from TA
Instruments Inc. under a N2 atmosphere from 0- 500 °C at a heating rate of 5 °C /min.
Differential Scanning Calorimetry (DSC) was performed using a DSC Q200 RCS system from TA
Instruments Inc. with refrigerated Cooling System. The sample was heated with constant ramp rate
of 10 °C/min between -30 °C and 90 °C.
From the DSC data, we can see that during the first heating cycle, there is a sharp melting
endotherm at 46.3o C. The PLA Tg transition overlaps in this region, thus we cannot see it in the
DSC.
3.5.11 Molecular dynamics simulation studies
All-atom simulations of the PEG-AZO-PLA bilayer were performed using the all-atom optimized
potential for liquid simulations (AA-OPLS) force ﬁeld with TIP4P water model. Updates to the
OPLS force ﬁeld parameters for PLA were applied to the PLA polymer block35. Each polymer
consisted of 20 PEG monomers, and the shorter and longer chains had 20 and 40 PLA monomers
(deﬁned as one repeat unit), respectively. Bilayers were constructed in vacuum with 6×6 polymers

99

in each leaﬂet with the PLA blocks of each leaﬂet in close proximity, where the normal of the
leaﬂet is in the z direction. During construction, the chirality of the stereo centre within each PLA
monomer was randomly chosen to ensure that the polymers were atactic. The energy of the entire
system was then minimized using the conjugate-gradient method. A short isothermal isobaric run
(3-5 ns) was performed at 400 K with just the polymers. During this run, a moving restraint on the
centre-of-mass distance between the two PLA leaﬂets was used to draw them together prior to
solvation, and also to relax the x and y dimensions. The bilayer was then solvated with enough
water molecules such that a layer of only water, approximately two nanometers thick, separated
the PEG leaﬂets (Figure 3.4j). After solvation, all water molecules in the PLA region were
removed. The energy of the system was minimized, after which a 5 ns long isothermal-isobaric
run at 400 K was carried out to relax the system.
PLA has an experimental Tg in the range of 330 K to 345 K. Due to this high Tg (discussed further
below), an annealing run was performed from 450 K to 298 K. For equilibration purposes, two
separate thermostats were used during these simulations, one that acted on the PEG and water
atoms and another for the PLA atoms. The PEG and water atoms were kept at 298 K, while the
temperature of the PLA atoms was elevated to increase the mobility of the region and allow the
structure to better relax on simulation timescales. The PLA atoms were initialized to 450 K and
allowed to relax to this elevated temperature for 5 ns. Following this slight temperature
equilibration, these atoms were cooled from 450 K down to 298 K at a rate of 10 K/ns and held at
298 K for 5 ns. By the end of this equilibration procedure, the x and y dimensions were found to
be approximately 6.5 nm, and the z dimension was found to be around 13 nm for the longer chains.
An iterative procedure was used to simulate photo-excitation and isomerization. In this procedure,
the stochastic nature of photo-excitation was not enforced, but rather we concentrated on the
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structural change that occurs during successful isomerization events. Photo-isomerization was
induced using moving harmonic restraints, k harmonic = 1000, on the C-N-N-C dihedral angle
within the azobenzene group. Each iteration consisted of the following steps:
1. Random selection of a predetermined proportion of azobenzene groups
2. Using the pulling restraint, the selected torsion was moved from a trans-conformation to a cisconformation over a period of 5 ps
3. A restraint was applied to the cis-conformation for 500 ps
4. The pulling restraint was applied to move the torsion back to the trans-conformation in 5 ps
This procedure was repeated throughout the simulation when the light perturbation was enacted.
In the absence of light excitation, no external restraint was applied to the dihedral to keep it in the
trans-conformation. The reference temperature during photo-excitation production runs was held
at 298 K. During all production runs, temperature coupling was achieved using velocity rescaling
with a stochastic term.36 A semi-isotropic pressure coupling was used for all runs, where the x and
y dimensions were coupled together separate from the z dimension, as is common for constant
pressure simulations of bilayers. The equilibration runs were performed using mainly the
Berendsen barostat, which can handle large ﬂuctuations more readily, and production runs were
performed with the more thermodynamically consistent Parrinello-Rahman barostat.

37,38

Coulombic forces were calculated using the particle mesh Ewald method. 39All simulations were
performed with a time step of 2 fs and periodic boundaries were applied in all dimensions.
Molecular simulations were carried out using the GROMACS 5.1.1 simulation package with the
PLUMED 2.2 plug-in for the moving restraints. 40-44
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Figure 3.13. Cooling runs of the PLA block for longer chains. a, The average Debye-Waller factor for
water atoms located within the PLA region as a function of temperature. b, Extrapolations (dashed red lines)
of the liquid-cooled lines and glassy state lines for the density of the system (blue) and the Debye-Waller factor
(black) as a function of temperature were used to calculate the simulated T g for PLA. Longer chain photoexcitation process with 10% proportion selected. The time frame when the simulated photo-excitation is
occurring is highlighted with a tan box. c. The number of water molecules within the PLA region. d. The
average Debye-Waller factor for the PLA atoms (black) and water atoms in the PLA region (red) are shown
before, during, and after photo-excitation.

3.5.12 Simulation studies on the longer PLA chain P2
For the longer chains, the mobility was calculated during the photo-excitation process. In Figure
3.13 c and d, the number of water molecules in the PLA region as well as the mobility of the PLA
molecules and water within the PLA region was calculated as a function of time. As observed for
the shorter chains, there is a step like increase in the DW factor once the photo-excitation process
was enacted. For all proportions utilized, there is also a spike in the number of water molecules
entering the film. When the photo-excitation process ceases, the DW factors for PLA and the water
within decreases but does not completely relax to the original values. The density of the films
decreased to lower values when the disturbance began and relaxed to a lower value. This lower
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density of the new relaxed state allows for slightly higher mobility. This could be attributed to the
film preparation, and the fact that for the relatively short time scales considered in our calculations,
the film is able to find a denser state during prolonged annealing than can be achieved after
nanosecond-long relaxation trajectories.

Figure 3.14. Proton NMR of compound 12. The * indicates solvent peaks.
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*

Figure 3.15. 13C NMR of compound P2. The * indicates solvent peaks.
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CHAPTER 4
MULTI-STIMULI RESPONSIVE AMPHIPHILIC BLOCK CO-POLYMERS
4.1 Introduction
4.1.1 Multi-stimuli Responsive Polymers
Over the past several decades, the literature on stimuli responsive polymers has deepened, the
interest arising from their diverse applicability1-8. Currently, several different responses are built
into the material design, invoking a complex response and controllable behavior. The commonly
used stimuli are temperature, pH, light, ionic strength, redox environment, enzymes, and host–
guest interactions and the combination of two or more of these stimuli gives rise to a sophisticated
so-called nano-machinery. The effect of one stimuli on the other can have a varied impact on the
properties of the polymer9. The effects are usually classified as parallel10, serial11 or causal12,
depending upon what role they play in the system. “Parallel” systems are orthogonal systems,
wherein, the response of one group has no effect on the response of the other group and vice versa.
In the case of “serial” systems, the impact of one group exhibits an additive or enhancing effect on
the other group. In “causal” systems, when an external stimulus is applied, the corresponding group
will respond, but also generating the stimulus for the other group subsequently. It is therefore very
clear that the introduction of different stimuli responsive groups into one polymer can lead to a
very unique responsive behavior. These possibilities open doors for design parameters that will
make ingenious smart polymers, a possibility.
4.1.2 Responsive Block Co-polymers
Block copolymers are polymers that contain at least two segments, which can phase separate and
give rise to different morphologies in the nanoscopic scale. The morphology that is obtained in
solution is determined by the structural aspects of the macromolecule, such as the volume ratios
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of the blocks, the degree of polymerization and nature of the blocks. The self-assembled behavior
arises from that fact that only one of the blocks interacts favorably with the solvent in which it is
dispersed. The other block phase separates and occupies a shape and morphology that is
thermodynamically most favorable. Micelles, vesicles, worm and rod type morphologies are the
most commonly reported13-15. Recently, polymerization induced self-assembly has gained a lot of
attention for being able to vary one block length (thereby varying the volume ratios of the two
blocks) and achieving different morphologies with the same block copolymer16,

17

. Block

copolymers are well known for their guest encapsulation stability due to a dense core and chain
entanglements. However, these are still assemblies in equilibrium between their monomer and
aggregated state, thus can be disrupted using appropriate triggers.
4.2 Hypothesis and Design
In this project, we utilize the polyethylene glycol-azobenzene-poly lactic acid (PEG-Azo-PLA)
block co-polymer reported in Chapter 3, and study its ability to respond to various other stimuli
such as pH, azoreductases and esterases. The ability of the polymer to perform work in the presence
of light, without undergoing degradation or disruption of the vesicular membrane, was probed
thoroughly in Chapter 3. This was feasible due to the ability of the azobenzene to isomerize rapidly
between its trans and cis states in the presence of the energy input. However, all the stimuli that
we propose to test, in this work, effects a covalent modification to the polymer. We were curious
to see if we could achieve a comparable or better release profile with respect to the light stimuli.
A pictorial representation of the mechanism of action of the stimuli is outlined in Scheme 4.1 and
4.2.
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Scheme 4.1. Schematic representation of the effect of esterases and basic pH on the PEG-Azo-PLA
vesicle and its guest molecules.

Scheme 4.2. Schematic representation of the effect of azoreducatses on the PEG-Azo-PLA vesicle
and its guest molecules a) General mechanism of action of azoreducase b) By-products of azorectase
acting on PEG-Azo-PLA and c) Pictorial representation of membrane disruption and guest release
from the PEG-Azo-PLA vesicles.

Polylactic acid is a polyester and thus can be hydrolyzed using acids, bases 18, 19 and enzymes20-22.
The hydrolysis at a basic pH is much faster than acidic pH, whereas the acidic pH has a greater
bio-relevance. However we were more interested in understanding the effect of two or more stimuli
112

on each other and the kinetics of degradation for this study. Esterases are hydrolase enzymes that
breaks an ester bond into an acid and an alcohol using water (hydrolysis). Lipases, esterases and
alcalases are all enzymes that are known to degrade PLA efficiently20. Herein, we chose
commercially available porcine liver esterase (PLE) for our preliminary studies. These triggers
would chew up the hydrophobic handle completely, thus solubilizing the remaining PEG polymer,
causing disassembly and guest release.
On the other hand, azoreductase enzymes such as DT-Diaphorase, can reduce the azobenzene into
the aniline derivatives (Scheme 4.2a) 23. This can effectively destroy the integrity of the polymer2427

, cutting it up into a PEG polymer and a PLA polymer. This, once again, would result in

disassembly and guest release. The curious questions that we wanted to address through this deign
were: (i) whether the esterase can access the interiors of the block co-polymer and hydrolyze the
ester bond; (ii) which of the triggers would result in a faster guest release/ disassembly; (iii) which
of the triggers would result in a greater % guest release and (iv) whether the concomitant presence
of two or more of the triggers would have a parallel, serial or causal effect.
4.3 Results and Discussion
The design, synthesis and self-assembly character of the polymer P1 (Scheme 4.1) has been
discussed thoroughly in Chapter 3. We utilize a PEG-b-PLA with one azobenzene moiety right at
the interface of the hydrophilic PEG and hydrophobic PLA blocks. The PEG block was 5000 Da
molecular weight (~114 repeats), and the PLA block was 13,000 Da (~90 repeats, as defined in
scheme 4.1). These formed vesicular morphologies, when dispersed in water. Herein, we have
discussed in detail, their response to stimuli.
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4.3.1 Response to pH

Figure 4.1. Release profiles of the encapsulated hydrophobic dye, DiI, under varied pH a) pH 2, b) pH
7.4, c) pH 6 and d) pH 10.

As mentioned earlier, the polymer PLA segment can be hydrolyzed at basic pH. This hydrolysis
would cause the polymer to lose its hydrophobicity and hence any non-covalently encapsulated
guests would be released at this cue. To test this, a hydrophobic dye DiI ((2Z)-2-[(E)-3-(3,3dimethyl-1-octadecylindol-1-ium-2-yl)prop-2-enylidene]-3,3-dimethyl-1-octadecylindole
perchlorate) was non-covalently encapsulated in the hydrophobic pockets. The procedure and
verification of this step is detailed in Chapter 3. Upon addition of 10 µL of concentrated
hydrochloric acid (Conc. HCl) to a 1 mL solution of 0.5 mg/mL DiI encapsulated P2 solution, the
pH went down to 2. The emission intensity was then monitored using a fluorimeter over the next
25 hours and a very small decrease in the fluorescence intensity was observed, indicating very
slow hydrolysis and guest release. Similarly at pH 6 and 7.4, there was a negligible decrease in the
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DiI emission intensity. However, when 10 µL of 1N sodium hydroxide (NaOH) was added to the
P2 solution, a significant decrease in the DiI emission was noted- owing to the faster hydrolysis
of the ester bonds at that pH and ensued guest release (Figure 4.1). In a similar fashion, a
hydrophilic dye, Rhodamine 6G (R6G) was also able to leach out from the aqueous lumen when
subject to a basic pH (Figure 4.2).
Overall, there was upto 80% of DiI released in 24 hours before it saturated, with less than 20%
released at other pH (Fig. 4.3a). Similarly, when the emission intensity of R6G was plotted against

Figure 4.2. Release profiles of the encapsulated hydrophilic dye, R6G, under varied pH a) pH 2, b) pH
7.4, c) pH 6 and d) pH 10.

time, there was a significant increase in its intensity, compared to the other lower pH. This
particular dye molecule experiences self-quenching upon confinement. Upon release from the
aqueous lumen of the vesicle to the bulk water, R6G experiences less self-quenching, which is
measured as an increase in the fluorescence intensity (Fig. 4.3b)28, 29. The DiI by itself is not pH
sensitive and is stable at varied pH, being a quaternary ammonium salt . The hydrophilic dyes used
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in this study, calcein and R6G exhibit fluorescence quenching at acidic36 and basic pH37
respectively. However, we use the recovery in florescence intensity just as a proof of concept for

Figure 4.3. a) % release profiles of the encapsulated hydrophobic dye, DiI, under varied pH b) % release
profiles of the encapsulated hydrophilic dye, R6G, under varied pH c) GPC plots indicating the
degradation of the polymer after treatment with basic pH d) DLS plots indicating the disassembly of
the polymer after treatment with basic pH.

the dye release and polymer degradation, and is not quantified for this reason. The gel-permeation
chromatography profiles also indicated smaller molecular weight segments with lower retention
time that evolved after treatment of the P2 vesicles with NaOH (Fig. 4.3c). In fact one of the
degraded segments overlapped with the PEG-macroinitiator segment (defined in Chapter 3),
indicating that the PLA segment of the polymer had degraded.
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The dynamic light scattering (DLS) size profiles also indicated that the 160 nm assemblies formed
by the polymer P2 initially, disassembled and formed aggregates of much smaller size after
exposure to pH 10 (Fig. 4.3d). Figure 4.4 indicates that the assemblies were intact at other pH even
after 24 hours.
4.3.2 Response to Esterase
The next stimuli that we tested also involved hydrolyzing the hydrophobic PLA segment, however
using an esterase enzyme known to break down ester bonds into the corresponding acid and alcohol
byproducts. Commercially available porcine liver esterase (PLE) was utilized for this study. Upon
addition of 20 µM of the enzyme, we observed the release of the hydrophobic dye, DiI and a
hydrophilic dye, calcein from the P2 vesicle (Fig. 4.5).

Figure 4.4.DLS plots indicating the intact assemblies of P2 after treatment with a) pH 2, b) pH 6 and
c) pH 7.4.

Figure 4.5. Release profiles of the encapsulated, a) hydrophobic dye DiI and b) hydrophilic dye,
calcein, in the presence of porcine liver esterase (PLE).
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From figure 4.6a, it can be observed that around 50% of DiI was released and attained a release
saturation in around 48h. The slower release and the lower release percentage can be attributed to
the facts that the enzyme may be losing its activity with time in 2 days and the kinetics of the
enzyme mediated ester hydrolysis is much slower than the direct addition of the base.

Figure 4.6. a) % release of DiI in the presence and absence of PLE, b) % release of calcein in the
presence and absence of PLE, c) GPC shift after treatment of P2 with PLE,and d) DLS profiles
indicating disassembly after treatment with PLE.

The GPC and DLS profiles (Fig. 4.6 c and d) also confirmed the hydrolysis and disassembly of
the PLA segment. However, when compared to the base catalyzed hydrolysis, only one band with
a lower retention time could be observed from the GPC. This could be due to the remaining
hydrophobic PLA segments forming some type of assembly or aggregation with the PEG
segments. The DLS also indicated a small yet discernable peak at around 10,000 nm (aggregation)
along with a smaller peak at 10 nm.
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4.3.3 Response to Azoreductase
Finally, we were interested in observing whether the azobenzene bond present at the interface of
the PEG and PLA segments could be accessed by and reduced by the azoreductase enzymes. For
this purpose, we added DT-diaphorase (from a 21µM stock), along with NADPH (60µM) to
initiate the reduction24. In 6h, we observed from the UV spectrum (Fig 4.7a), that the NADPH
band had reduced in intensity (indicating its consumption). We also observed that the azobenzene
absorption at 450 nm reduced significantly, indicating that the enzyme was indeed able to access
and reduce the azobenzene. This could be made possible by the fact that un-crosslinked
supramolecular assemblies always exist in an equilibrium (between the monomer and aggregated

Figure 4.7. Aftermath of exposure to DT Diaphorase and NADPH namely, a) Reduction in the intensity
of the azobenzene absorption bandit 450 nm, b) Control experiment which shows that NADPH was not
consumed in the absence of P2, c) DLS data indicating disassembly of the P2 vseicles, d) GPC profiles
indicating degradation of the polymer and e) disappearance of the yellow color of the polymer.
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state), allowing for the enzyme to access the polymer entirely in its monomer state. On the
contrary, we observed that the NADPH did not get consumed in 5h in a control experiment, further
supporting the azobenzene reduction hypothesis (Fig. 4.7b). The DLS plot showed the
disappearance of the 150 nm assembly and the appearance of smaller 10 nm assemblies when the
solution was checked after 6h (Fig. 4.7 c). The GPC profiles also showed the appearance of two
peaks, corresponding very closely with respect to molecular weights, with the PEG and PLA
segments of polymer P2. The disappearance of the yellow color of P2 upon reaction with DTdiaphorase and NADPH also indicated reduction of the azobenzene bond, which is the
choromophore responsible for color in the first place.

Figure 4.8. a) UV plot indicating release of DiI in the presence and d) in the absence of DT Diaphorase,
b) Release of calcein in the presence and e) in the absence of DT Diaphorase, % release of c) calcein
and f) DiI in the presence and absence of DT Diaphorase.
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Further confirming this reduction and loss of amphiphilicity of the polymer was the release of DiI
and calcein from the vesicles (Fig. 4.8). The 40% release of DiI can be attributed to the fact that
the PLA segment of the polymer would still be intact after the reduction, thus providing
hydrophobic pockets for the dye molecule to be housed.
4.3.4 Response to Azoreductase and Esterase Concomitantly
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Figure 4.9. a) UV plot indicating release of DiI in the presence of DT-Diaphorase, NADPH and PLE
at pH 7.4 and c) pH 8, b) in the absence of any enzyme and d) comparative % release of DiI at varied
enzymatic conditions.

Azoreductase sensitive systems are useful for colon-specific delivery purposes, due to the fact that
azoreductases are secreted by the microbial flora present in the gut24-27. Esterases, commonly
classified as carboxyl, aryl, or acetylcholine esterases, are present in several tissues, organs and
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cells in the human body30, 31. Several of these esterases are present intracellularly, and targeting
them is a current strategy for intra cellular drug delivery or pro-drug activation32-36. Interestingly,
there are several different esterases present in the colon as well30, 31, therefore we addressed a basic
curiosity of the effect of the combined presence of these enzymes, on the % dye release. We
hypothesized that the azoreductase could access the interiors faster, and reduce the azobenzene
bond, since the esterases would hydrolyze the hydrophobic interiors. Concurrently, more of the
hydrophobic pockets would be destroyed by the esterases, apart from the scission by azoreductase,
leading to a higher % dye release. The experiment was carried out at both pH 7.4 and 8 (to maintain
esterase activity) (Fig. 4.9 a,c). At pH 7.4, the release percentage saturated at a little over 40%,
which was very similar to just the azoreductases. However at pH 8, the release was improved to
~55%, indicating that the esterase activity was better maintained and had a synergistic effect on
the system (Fig. 4.9d).
4.3.5 Cell Viability and Uptake
PEG-b-PLA polymers are one of the most widely investigated polymers for biomedical
applications owing to their excellent circulation time in vivo and biocompatibility. They can also
be modified easily to be decorated with targeting handles. To test this aspect of the polymer, P2
was labelled with a fluorescent dye, Rhodamine-B (Scheme 4.3). The conjugation was verified
using UV-Vis spectroscopy and fluorescence spectroscopy, and presence of free rhodamine was
eliminated using GPC (Fig. 4.10). The cell viability assay (Fig. 4.11a), i.e. MTT assay, showed
that the polymer was biocompatible at lower concentrations and had slightly reduced viability at
higher concentrations. The cell internalization process was monitored by confocal microscopy
(Fig. 4.11 b). It was performed with both rhodamine-B covalently labelled (P3) and DiI non-
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covalently encapsulated (P2) vesicles and cell internalization was observed in both the cases (4.11
b and c).

P2

P3
= Rhodamine-B isothiocyanate
(R-N=C=S)

Scheme 4.3. Synthesis of the rhodamine-B conjugated polymer P3, from P2.

Figure 4.10. Characterization of Rhodamine-B (Rh-B) conjugated polymer, P3 a) Absorption spectra,
b) and c) GPC proof of no free Rh-B in the system, d) Emisison spectra of P3, e) Quantification of RhB
conjugation and f) centrifuge dialysis of P3 after incubation at various pH for 12h, indicating the
stability of the polymer.
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Figure 4.11. a) Cell viability assay using Hela cell line b) Cell uptake of DiI encapsulated P2 and c)
Cell uptake of P3.

4.4 Conclusions and Future Directions
To summarize, an azobenzene-linked amphiphilic diblock copolymer was synthesized using the
ring-opening polymerization technique. These self-assembled into vesicles when dispersed in
aqueous media. Introduction of triggers such as base and enzymes such as azoreductase (in the
presence of coenzyme NADPH) and esterase, led to a disruption of the HLB of the polymersome,
and release of the encapsulated contents. The base and esterases resulted in chopping off of the
hydrophobic PLA region of the polymer. Whereas the azoreductases led to the scission of the
polymer, at the connection of the two polymer segments, PEG and PLA. In the combined presence
of both these enzymes, a synergistic effect took place, leading to a better dye release when the PLE
activity was maintained at pH 8. However, a hydrophilic guest release (i.e., calcein or R6G) need
to be tested for the combined effect of PLE and DT-Diaphorase on the polymer. This is because,
the hydrophobic dye can find hydrophobic pockets due to precipitation or insolubilization of the
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PLA segments, whereas calcein cannot. These experiments will help us understand the combinedeffect of the enzymes better. The PEG-Azo-PLA polymer was also bio-compatible, with an
effective cellular uptake. These results suggest that this dual stimuli responsive polymer is a
desirable candidate for a colon specific drug-delivery motif.
4.5 Materials and Methods
The synthesis and characterization of the polymer has been detailed thoroughly in Chapter 2.
Herein, we discuss the methods involved in testing the response to stimuli and the biocompatibility
of the polymer. The enzyme azoreductase, specifically DT-diaphorase human (D1315-1MG,
Sigma-Aldrich),

and

β-nicotinamide

adenine

dinucleotide

phosphate

reduced

tetra(cyclohexylammonium) salt (NADPH) and were purchased from commercial sources.

Emission Intensity@580 nm

4.5.1 General Method for Critical Aggregation Concentration
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Figure 4.12. CAC measurement of P2 using DiI as a spectroscopic probe.

A 0.2 mg/mL stock solution of polymer was made, by dissolving P2 in 200 µL of acetone in a 20
mL scintillation vial. Water was then added to this solution dropwise, with constant stirring. This
vial was left uncapped for 12 hours to facilitate the evaporation of acetone, completely. The lower
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concentrations were prepared from this stock, and all of them were sonicated for 30 minutes and
then equilibrated at ambient temperature for 30 minutes. 10µL of 1mM DiI, prepared in acetone,
was taken in a clean and dry vial with a stir bar, one for each polymer concentration. The polymer
solutions were added drop-wise into the DiI containing vials and stirred with the cap open for 6
hours. These were then filtered using a hydrophilic membrane (pore size 0.450 µm) and then
subjected to fluorescence measurements (excitation wavelength 530 nm). The intensity at the
maxima (580 nm for P2) for each concentration was plotted against the different polymer
concentrations and the inflexion point, 0.03 mg/mL (1.7 µM), was observed was noted as the CAC
(Fig 4.12).
4.5.2 General Procedure for pH Sensitive Release
Solutions of pH 2 and 6 were prepared by using a pH meter, and titrating con. HCl with water. 10
µL of this solution was added to the polymer stock solution (990 µL of 0.5 mg/mL P2), for the pH
dependent release (Fig. 4.3). Similarly, NaOH was titrated against water to obtain a pH 10 solution
and 10 µL of this was added for the base sensitive dye release.
4.5.3 General Procedure for Esterase Sensitive Release
3.36 mg of PLE (20µM) was weighed into a 10 mL scintillation vial. 1 mL of 0.5 mg/mL P2 stock
(with dye encapsulated, made with PBS 8 pH buffer) was added to this, mixed and then transferred
to a DLS cuvette for the release measurements.
4.5.3 General Procedure for Azoreductase Sensitive Release
A previously reported procedure was followed. A 42 µM DT-diaphorase solution was prepared in
pH 7.4 phosphate buffer. 70 µL of this DT-diaphorase solution was added to 860 µL of 0.5 mg/mL
P2 stock solution. The reduction reaction was initiated by the addition of 70 µL of NADPH
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phosphate buffer solution (pH 7.0, 60 µM). The reaction mixture was then incubated at 37 oC for
6 h with Argon being purged every 1 hour.

4.5.4 General Procedure for Cell Culture
HeLa (human cervical adenocarcinoma) were obtained from the American Type Culture
Collection (ATCC ID: CCL-2). Cells were cultured in Dulbecco’s Modified Eagle’s medium/F12
(DMEM/12) supplemented with 2 mM L-glutamine, 10 µg/mL streptomycin, 100 U/mL penicillin
and 10% (v/v) fetal bovine serum (FBS) at 37 °C in a humid atmosphere of 10% CO2. When HeLa
cells were grown to 90% confluency, cells were trypsinized for 5 mins in PBS and passaged 1:10
into a new tissue culture plate. Maximum number of passage was limited to 10 for HeLa cells.
DMEM/F12 and supplements were obtained from ThermoFisher.
4.5.5 General Procedure for Cell Viability Assay
HeLa cells were trypsinized and counted. Cells were seeded on flat bottom 96-well tissue culture
plates at a density of 7,000 cells/well and rested for 24 hours at 37 °C in 10% CO2. After overnight
incubation, the culture medium was removed and cells were treated with PEG-azo-PLA (P2)
samples at different concentrations in complete medium for 24 hours. After treatments, cells were
washed and fresh medium was added. Cells were incubated with the fresh medium for further 24
hours. Next day, medium was replaced with 3-(4,5-dimethylthiazol-2-yl) 2,5-diphenyltetrazolium
solution (MTT) (prepared as 1 mg/ml in medium) and cells were incubated for 3-4 hours at 37 °C
to allow the formation of the MTT formazan. 96-well plate was spinned for 5 minutes to let the
formazan settle at the bottom of the plate. MTT medium was discarded and formazan I dissolved
in 100 µL of DMSO. Purple color formation was observed and recorded using a plate reader at
540nm.
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4.5.6 General Procedure for Confocal Microscopy
Confocal experiment was performed with Nikon A1 Spectral Detector Confocal (IALS, UMASS,
Amherst). HeLa cells were cultured in MatTek glass bottom dishes until they reached the 70%
confluency. Cells were incubated with DiI loaded P2 or Rhodamine conjugated PEG-azo-PLA
(P3) in complete medium for 2 hours at at 37 °C in 10% CO2. Later, cells were washed with cold
PBS at least three times and samples were fixed with 3% paraformaldehyde. Nucleus were stained
with NucBlue (Thermofisher). Images were analyzed using NIS-Elements Software.
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CHAPTER 5
TARGETING BACTERIA BY UTILIZING ITS UNIQUE HOST-GUEST
RELATIONSHIP FOR IRON ACQIUISITION
5.1 Introduction
5.1.1 Use of Antibiotics
Antibiotics are amongst the most widely used class of medication that cure diseases by either
inhibiting or destroying the pathogenic bacteria, and their advent revolutionized treatments in the
early twentieth century. Broad spectrum antibiotics (BSAs) are very useful in situation when the
causative organism is unknown and immediate action is required (e.g.: Meningitis needs to be
treated quickly with BSAs, since a delay in diagnosis can cost a person’s life1). Some of the most
commonly used antibiotics are Amoxicillin, Levofloxacin, Gatifloxacillin, Streptomycin,
Tetracycline and Chloramphenicol. An antibiotic threat report released in the United States in
2013, by the Centre for Disease Control and Prevention read that 23,000 people die annually as a
result of infections that are caused by antibiotic resistant bacteria2.
On the other hand, narrow spectrum antibiotics (NSA) target only a specific class/strain of bacteria
and can be used when the causative organism in known. The narrow-spectrum antibiotics do not
kill as many of the non-pathogenic microorganisms in the body as the broad spectrum antibiotics,
thereby reducing the probability of superinfection3. NSA also causes lesser development of
bacterial resistance as it deals with only specific bacteria. For example, Penicillin G takes
advantage of the fact that gram positive bacteria has a penetrable cell wall as opposed to gram
negative bacteria, and diffuses through it. But if the drug is not chosen carefully, it may not actually
kill the microorganism causing the infection. Some of the most commonly used NSAs are
Azithromycin, Clarithromycin, Clindamycin, Erythromycin and Vancomycin.
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5.1.2 Need for Bacterial Targeting
The ease of access to these and over exploitation have been a bane to the medical world, by
accelerating the development of resistant mutant bacteria (and subsequent secondary infections)
so much so that the World Health Organization has declared antimicrobial resistance as a serious
threat and the advent of post-antibiotic era4,5. The leading cause of this being broad spectrum
antibiotics (BSA) that target bacteria non-specifically thereby affecting pathogenic as well as nonpathogenic strains. This is why probiotics which help replenish the non-pathogenic, essential
bacteria are prescribed along with antibiotics. Another big contribution comes from use of
antibiotics for animal husbandry. Not only are they used to prevent, control and treat diseases, but
to also promote their growth. Concisely, the need of the hour for bacterial targeting are:
•

Preventing infections and preventing the spread of resistance

•

Tracking resistant bacteria

•

Improving the use of today’s antibiotics i.e., bacterial targeting

•

Promoting the development of new antibiotics and developing new diagnostic tests for
resistant bacteria

Bacteria are incredibly smart. They will find ways to develop resistance to any anti-biotic
eventually. This is why there is a pressing need to come up with strategies to prevent infections,
track pathogenic bacteria and improve bacterial targeting.
5.1.3 Bacterial Targeting- State of the Art
Since the development of new antibiotics is tedious and expensive, targeting bacteria is the way to
go for slowing down the looming problem. The state of the art in bacterial targeting include: (i)
phage therapy; (ii) lysin therapy and (iii) Antimicrobial peptides (AMPs)6, 7. Bacteriophages are
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used therapeutically used to target and treat bacterial infections in viral phage therapy.
Bacteriophages are harmless to both the host organism and non-specific bacteria, and can penetrate
through polysaccharide layers in bacteria more effectively than antibiotics. But sometimes bacteria
can evolve to resist phages and that is precisely why Clostridium difficile still does not have a
specific lytic bacteriophage8, 9. Lysin therapy involves the use of phage as well, in the form of
prophage. The genetic material of a bacteriophage is prophage and when incorporated into the
genome of a bacterium, it has the ability to produce phages if activated. Lysins, in turn, are
enzymes produced by bacteriophages that digest the bacterial cell wall thereby assisting the release
of the prophage inside. Although this therapy boasts of a large number of advantages such as high
potency at low concentrations, and synergy with antibiotics, one of their main limitations lies in
triggering an immune response. Another drawback is that they are active against gram-positive
bacterium only, since Gram-negative bacterial cells possess an outer and impermeable
membrane10, 11. AMPs are cationic poly-peptides that can destroy and enter the bacterial cell wall.
Their shortcomings include susceptibility to the action of proteases, easily losing activity, and
increased cytotoxicity at active concentrations. There are other strategies that include bacteriocins,
which are a type of protein produced by a particular strain of bacteria, and active against those of
a closely related strain12, 13.
However, the limelight in targeted bacterial therapy is currently bagged by anti-virulence
strategies14, 15. The pathogenicity of an organism or its ability to cause disease (virulence), is
determined by various “virulence factors”. These include (i) presence of the needle complex or the
type III secretion systems (T3SS) made by most gram negative bacteria, (ii) specific toxins
released during virulence, e.g. Clostridium botulinum produces neurotoxin serotype A (iii) quorum

135

sensing ability of bacteria and (iv) pili biosynthesis, or pilicides that help the adhesion of bacteria
to the epithelium of cells.
The involvement of supramolecular strategies to target the virulence factors is yet to be explored
and as an initiating step, we propose, in this chapter, supramolecular strategies to target pathogenic
bacteria. And for this purpose, we have exploited the well documented bacteria-siderophore
relationship.
5.1.4 Bacterial Iron Acquisition
Bacterial cells need certain living conditions and nutrients that must be met, for them to thrive. Fe
(III) is very crucial for various metabolic purposes (Table 5.1) and bacteria uses interesting means
to obtain iron16-18. For this purpose, most bacteria secrete a chelating-ligand “siderophore” as an
iron acquisition system (Figure 5.1). These low molecular weight chelators are secreted into the
environment for the purpose of binding, solubilizing and internalizing Fe(III). Even inside the
human body, the Fe (III) availability and accessibility is poor for the bacteria, thereby making
siderophores inevitable. Siderophores solubilize iron from iron-containing proteins like transferrin
and lactoferrin by forming a coordination complex with Fe3+ The human body by itself fights
bacterial infection by first withholding iron.
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Role

Effects

Cell

Iron deficiency can cause: growth inhibition, decrease in RNA and DNA

composition

synthesis, inhibition of sporulation, changes in morphology of cells

Intermediary

Processes requiring iron: tricarboxylic acid cycle, electron transport, oxidative

metabolic

phosphorylation, nitrogen fixation, aromatic biosynthesis

cycles

Regulating

The following products are among those regulated ie increased or decreased by

metabolic

iron: porphyrins, toxins, vitamins, antibiotics, hydroxamates, cytochromes,

products

pigments, siderophores, aromatic compounds, DNA and RNA

Proteins and

Peroxidase, superoxide dismutase, nitrogenase, hydrogenase, glutamate

enzymes

synthase. Cytochromes, ferridoxins, flavoproteins, ferritin.

requiring
iron

Table 5.1. Role of iron in the life cycle of a bacteria.
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5.1.5 Siderophore- Bacteria Specificity
A specificity exists for the siderophore binding to the receptors on the bacterial cell wall. Although
siderophores secreted by a particular bacteria can be uptaken by other bacteria, this window is
much narrower than a non-specific uptake17, 18. Researchers have utilized these siderophorereceptor interactions by conjugating antibiotics to siderophores to form a class of therapeutics
knows as sideromycins 18- 22(Fig 5.1). These sideromycins penetrate the bacterial cell wall based
on an energy dependant transport across the cell membranes wherein the antibiotic exhibits its
bactericidal or bacteriostatic properties. Since the development of sideromycins involves
chemically modifying the antibiotic, this can lead to the antibiotic being ineffective. Additionally,
the synthesis of sideromycins involve multiple synthetic steps and takes years of optimization to
be effective and retain the activity.

Figure 5.1. (1) Catecholate-Fe complex; (2) Ferriochrome siderophore (3) Biscatecholatecarbacephalosporin sideromycin.
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5.2 Hypothesis and Design
In this project, our target is to utilize the targeting capability of siderophores, to deliver antibiotics
in their active and native form using dendrimer based nanocarriers.
We utilize the previously discussed concept of binding induced disassembly23-

25

by taking

advantage of the bacteria-siderophore binding. This is done by covalently conjugating
siderophores onto the hydrophilic component of the G1 dendron (Fig. 5.2). The assemblies formed
from these dendrons, upon binding to the bacterial cell wall, will disassemble due to the change in
hydrophilic lipophilic balance (HLB), resulting in the release of the non-covalently encapsulated
antibiotics. Here, we will utilize a previously reported siderophore, Desferrioxamine B26, which is
a hexadentate chelator, and conjugate it to the hydrophilic face of the dendron. This particular
siderophore has been studied to target various gram negative pathogenic bacterial strains such as
Bacillus Subtilis, Staphylococcus aureus and Micrococcus luteus. The decyl group and the penta
ethyleneglycol (PEG) units make up the hydrophobic and the hydrophilic components of the

Scheme 5.1. Schematic representing the general idea of utilizing a specific host-guest interaction to
target bacteria.
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dendron, respectively. The assemblies formed by these dendrons could be treated with
[Fe(H2O)6]3+ solution, generating Fe coordinated assemblies.
5.3 Mechanism of Uptake and Action of Fluoroquinolone Drugs
In our design, we propose to release the broad spectrum antibiotic in the vicinity of the pathogenic
bacteria and one of the most common misgivings here is about the uptake, since the drug will be
released outside the bacterial cell. Nadifloxacin is a fluoroquinolone antibiotic commonly used for
treating acne27. It has potent broad- spectrum antibacterial properties against both gram positive
and negative bacteria. Most of the anti-bacterial action of the drugs come from any of the following
five mechanisms: disruption of cell wall synthesis, protein synthesis, ribonucleic acid synthesis,
deoxyribonucleic acid (DNA) synthesis, and intermediary metabolism. It is reported that
fluoroquinolone is the only class of antibiotics that works through DNA inhibition. Their uptake,
however is the initial step and their accumulation of begins with binding to cell surface
components. Diffusion is the simple reason for uptake into gram-negative and gram-positive
bacteria. Most of them enter through the porin pathway but a second process using the selfpromoted uptake is also active especially for more hydrophobic agents. Binding to the
phospholipids may be the first step in cross-cytoplasmic membrane diffusion. This mechanism
clarifies the fact that releasing the broad spectrum outside the bacterial cell still be effective in
causing an inhibitory effect28, 29.
5.4 Results and Discussion
5.4.1 Molecular Design and Synthesis
As discussed in Chapter 1, the G1 biaryl dendrimer shows both excellent guest encapsulation
stability and morphological response to a binding event, therefore qualifying as the choice for the
supramolecular scaffold. Previously optimized strategy of utilizing the Copper catalyzed Huisgen
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1,3 dipolar cycloaddition between the Siderophore-azide and G1 containing the terminal alkyne
was designed, to obtain the amphiphilic conjugate 8 (Fig. 5.2). However, due to the chelating
ability of the siderophore, the copper-catalyzed click yields were very poor and a lot of sideproducts were formed, making purification tedious. A bio-orthogonal click reaction between
siderophore azide and a strained-cyclooctyne containing G134 was then hypothesized (Scheme
5.2). The siderophore-azide (3) was first synthesized by making an N-hydroxyl succinamide (2)
from commercially available azidoacetic acid (1) (Scheme 5.1). Compound 3 was characterized
using H1 NMR and mass spectroscopy (MALDI). Further, the cyclo-octyne containing G1 was
synthesized by modifying the benzylic alcohol at the core of the PEG-decyl G1 dendrimer (5)
(Scheme 5.2). Copper-free click was performed in HPLC grade water by stirring a suspension of
compounds 5 and 3 for 1 hour. The dendrimer-siderophore conjugate (8) precipitated out and was
characterized using H1 NMR and mass spectroscopy (MALDI). The iron sequestering abilities of

Figure 5.2. Structures of the G1-Siderophore conjugate obtained via conventional click (left)
and copper-free click (8, right).
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the siderophore was also evaluated by complexing Fe3+ with compound 3, which resulted in
brownish red crystals (4). Due to the presence of a paramagnetic Fe (III), the metal complex 4 was
characterized using mass spectroscopy. Since this kind of study is new, and the synthesis of
compound 8 multi-step and tedious, small molecule amphiphiles containing the siderophore were
synthesized. The four conjugates and controls used for all the studies are depicted in figure 5.3.

Scheme 5.2. Synthesis of Siderophore-azide conjugate (3) and the iron sequestered analogue (4).
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Scheme 5.3. Synthesis of the G1-siderophore conjugate (8)

Figure 5.3. Structures of the controls and dendrimer-siderophore conjugates

5.4.2 Self-assembly and Characterization
The amphiphilic compounds 8, 11 and 12 were subjected to essential surfactant studies such as
critical aggregation concentrations (CACs), morphology, size and guest encapsulation ability.
Compound 5 has previously been evaluated and reported and those values were used34. The G0Sid (11) had a CAC of 40 µM and formed aggregates of around 150 nm diameter (from DLS). The
iron containing G0-Sid (12) had a slightly higher CAC of 80 µM and formed aggregates of 100
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nm from DLS. The G1-Sid (8) on the other hand, had a lower CAC of 20 µM, which is in
concurrence with the previous group results where we observed that the higher generation
dendrimers formed assemblies at lower concentrations. The size of these assemblies were around
170 nm from DLS studies. These amphiphiles all formed spherical assemblies, as verified by TEM
imaging. Particularly, compounds 8 and 11 formed dense micelle-like assemblies. All of the three
amphiphiles 8, 11 and 12 were able to encapsulate a hydrophobic dye molecule, DiI in their
hydrophobic pockets, stably. Even after 7 days, the absorption intensity remained on par with the
initial intensity. The broad-spectrum antibiotic of choice, Nadifloxacin has a logP value of 2.4730
which indicates the hydrophobic nature of the drug. Therefore, we were able to encapsulate the
drug in the hydrophobic pockets of the assemblies as well. The G0-Sid, G0-Sid[Fe] and G1-Sid
had an encapsulation efficiency of 9.7%, 12.9% and 14.09% respectively. Since the absorption
spectrum of Nadifloxacin overlaps with that of the dendrimer aryl group’s absorption, the baseline
correction was performed using the same concentration of dendrimer without the drug. This made
the Nadifloxacin peaks sharp and quantifiable31.
5.4.3 Stability in Bacterial Broth
One of the major road blocks for evaluating bacterial studies was to evaluate the stability of these
assemblies in Mueller Hilton broth (MH-II broth). This broth contains essential nutrients such as
beef extract, casein hydrolysate, starch, calcium and magnesium salts, vitamins, trace elements
(e.g. nitrogen, sulfur) and vitamins that the bacteria need in order to thrive. However, the
consistency of the broth being viscous, and yellow colored, there was scattering observed in DLS
and UV-Vis spectroscopy. The TEM imaging posed problems as well, since the grid was damaged
under the pressure from the broth. Optical polarization microscopy was performed on the dyeencapsulated assemblies which were diluted in 50% broth, and the presence of dark spherical
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images showed that the dye had not leaked on the entire grid. These were consistent for upto 8
days and with these results, the minimum inhibitory concentration (MIC) assay was performed.

Figure 5.4. CAC, TEM and DLS size profiles of the G0- Sid (11), G0-Sid[Fe] (12) and G1-Sid (8).

Figure 5.5. UV- Vis spectroscopy of hydrophobic probe DiI and antibiotic Nadifloxacin encapsulated in
G0- Sid (11), G0-Sid[Fe] (12) and G1-Sid (8).
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Figure 5.6. Optical polarization microscopy images of DiI encapsulated dendrimers 11, 12 and 8 in
bacterial broth.
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5.4.4 Preliminary Testing in Bacterial Broth
The MIC is defined as the lowest concentration of an antimicrobial (like an antifungal, antibiotic
or bacteriostatic) drug that will inhibit the visible growth of a microorganism after overnight
incubation. In order to test our bacterial-targeting hypothesis, an Escherichia coli strain that does
not contain the desferioxamine receptors was chosen. Bacillus subtilis, a gram positive bacteria
that contains the receptors for desferrioxiamine was chosen as the specific-bacterial strain. The
protocol followed for the MIC assay is detailed in table 5.2.

MIC Assay

Day 0

•

Prepare overnight culture in broth from the glycerol stock

Day 1

•

Streak on agar plate to isolate single colony next day

Day 2

•

Prepare overnight culture in broth from the single colony

Day 3

•

Measure OD 600

•

Plate and incubate at 37 OC

•

Measure the OD from plate reader

Day 4

Table 5.2. Outline of the MIC assay protocol.

A 96 well plate was utilized for the MIC studies and the first column was designated as the growth
control for the bacteria, and the second column was the sterility control (Fig. 5.9). The remaining
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columns from left to right, would contain the same amount of bacteria, but decreasing amounts of
the drug. The details of the experiment are explained in the procedure section along with a pictorial
representation (Fig. 5.9). The amount of bacteria in each well was maintained at 10 6 colony
forming units (CFU).
The first MIC assay performed was between E. coli and B. sub to verify that the drug Nadifloxacin
has an inhibitory effect on both these strains (Fig. 5.7). The results indicated that E. coli had an
MIC of 500 nM, whereas B. sub had increased with the literature reported MIC, to be 16 nM. The
literature MICs of Nadifloxacin for both these strains are 500 nM and 8 nM respectively32. Once
the activity of the drug on both the bacteria was established, the second MIC study was performed
on Nadifloxacin-encapsulated G0-sid. However, this particular system was able to inhibit both
E.coli (MIC 1 µM) and B. sub (MIC 15 nM). This result negates the bacterial specificity. However,
G0 is known to have a rapid unimer-aggregate equilibrium compared to higher generation
dendrimers. This could be a contributing factor to its stability in the bacterial broth and in the
presence of the bacteria as well. Therefore, an MIC assay was performed on Nadifloxacin
encapsulated G1-siderophore dendrimer. This system did show a bacterial specificity in its
inhibitory action, by killing only B. Sub (MIC 15 nM). A final control was performed with
Nadifloxacin encapsulated G1 (5, control dendrimer) that did not contain the siderophore. This
system should fail to inhibit both bacteria, owing to the absence of any targeting ligands. However,
it had an inhibitory effect on both the bacteria (MIC of 30 nM on B. sub and 1µM on E. coli). This
indicated that the stability of the dendrimer in the presence of the bacteria and the bacterial broth
was questionable.
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Figure 5.7. MIC Assay evaluating the MIC of un-encapsulated nadifloxacin in E. coli and B. sub.

Figure 5.8. 1. MIC of Nad encapsulated vs. free dendrimer (control) in E. coli and B. sub.
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5.5 Conclusions and Future Directions
Targeting bacteria and narrowing the spectrum of activity of a broad spectrum antibiotic is one of
the biggest medical challenges, as we proceed towards sustainable healthcare that aids future
generations as well. The current state of the art in delivery broad spectrum antibiotics using
supramolecular scaffolds is a developing one as well. In this regard, we have succeeded in
developing a robust supramolecular scaffold for the delivery of antibiotics, without the synthetic
restrains involved in modifying the antibiotic in itself. We have optimized the synthesis of a
functional amphiphilic dendrimer with a cyclo-octyne moiety modified at the core of the
dendrimer. This type of scaffold opens avenues for us to design clickable linkers to tune the final
azide linker, in a first. However, the major roadblocks faced were in the form of assessment of the
stability of these assemblies in the bacterial growth environment (MH II broth). Another roadblock
that we faced, in testing the system was the vast difference in the MIC values of the drug, for the
specific (B. sub) and non-specific bacteria (E. coli). This meant that, any % leakage or instability
of the system in the presence of the bacterial broth, could be within the MIC value window for that
particular bacteria. A couple of strategies that could be used in testing the system currently involves
(i) lowering the temperature of study (25 oC), since the PEG groups are well hydrated at lower
temperatures33, 34. Although very low temperatures would result in a faster unimer-aggregate
equilibrium and hinder the growth of bacteria, a sweet spot could exist between 25 oC to 37 oC.
(ii) utilize fluorescent labelling of the drug (Nad) and the dendrimer and then subjecting the system
to a study on the confocal microscopy of total internal reflection microscopy (TIRF). These
imaging techniques would be a great help in assessing the extent of assembly formation and
encapsulation in the bacterial broth. Despite these complications, the design by itself stands out as
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a unique and progressive strategy for the delivery of a broad spectrum anti-biotic in a narrow
spectrum fashion and paves the way for more innovation in this field.
5.6 Experimental Details
5.6.1 Synthesis and Characterization
All chemicals and reagents were purchased from commercial sources and were used as received,
unless otherwise mentioned. Compound A was synthesized following the previously reported
procedure. 1H-NMR spectra were recorded on 400 MHz Bruker NMR spectrometer using the
residual proton resonance of the solvent as the internal standard. Chemical shifts are reported in
parts per million (ppm). When peak multiplicities are given the following abbreviations are used:
s, singlet; d, doublet; t, triplet; m, multiplet. To clearly confirm the formation and purity of those
products mass spectrometry was performed and reported.
5.6.1.1 Synthesis of Siderophore-N3
Synthesis of azidoacetic acid-NHS ester (2)35:
Commercial grade azidoacid acid (1) (2g, 19.7 mmol) and N-hydrosuccinimide (2.73g, 23.75
mmol) were mixed in a round bottom flask under an ice bath, with 10 mL dry DCM as solvent and
stirred for 10 minutes. 4.5 g of EDC.HCl (23.75 mmol) was then quickly added to the mixture and
stirred overnight under Argon atmosphere. The product (2) was isolated using a silica gel column
chromatography (eluted at 1% methanol in DCM) and verified using NMR spectroscopy. Yield=
60%. 1 H NMR (400MHz, CDCl3) δ: 4.24 (s, 2H), 2.88 (s, 4H).
Synthesis of the siderophore-N3 conjugate (3)36:
Phosphate buffer pH 7.0 was added to commercially available desferrioxamine B (siderophore,
Scheme 5.2) (0.3 g, 0.456 mmol). This mixture was transferred to a round bottom flask containing
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compound 2 (0.29g, 1.45 mmol) as a suspension in THF (5 mL). The reaction was stirred ar room
temperate for 3 days and purified following a reported protocol (citation). A solid precipitate was
observed after the reaction as complete, which was filtered and washed with 100 mL of cold water,
100 mL cold saturated sodium bicarbonate solution, 40 mL cold acetone and 40 mL cold DCM
and dried under a high vacuum. The white solid was characterized using NMR and mass
spectroscopy. Yield=71%. 1 H NMR (400MHz, DMSO-D6) δ: 8.1 (s, 1H), 7.76 (s, 2H), 3.8 (s,
2H), 3.1 (m, 4H), 2.6 (m, 4H), 2.25 (m, 4H), 1.95 (s, 3H), 1.5 (m, 6H), 1.43 (m, 6H), 1.3 (m, 6H).
MALDI-MS: M+Na= 666.38 g/mol.
Synthesis of the iron-complexed siderophore-N3 conjugate (4)36:
0.03 g (0.04 mmol) of 3 was suspended in 3 mL of water and in a separate vial, Fe (acac)3 complex
(0.019g, 0.05 mmol) was dissolved in 5 mL of ethyl acetate. The two solutions were mixed in a
vial and stirred vigorously for 1h. The aqueous layer was then extracted with ethyl acetate aliquots,
till the ethyl acetate emerged colorless. The water was then lyophilized off to give a red glassy
precipitate, which was characterized using MALDI to be the product 4. MALDI-MS:
M+Na=719.2 g/mol.
5.6.1.2 Synthesis of G0-DBCO
Compound 9 was synthesized using previously reported methods (citation). 0.06g of 9 (0.12
mmol), 0.025g of 6 (0.08 mmol) and 0.023 g of EDC. HCl (0.122 mmol) were mixed in a 10 mL
round bottom flask flushed with Argon. 5 mL of dry DCM was added and the mixture, stirred. 0.9
mg of DMAP (0.0081 mmol) was added to this and stirred overnight at room temperature. The
completion of the reaction was checked on a TLC before termination and the product purified
using a silica gel column chromatography (product obtained at 25% ethyl acetate in hexane). The
product (10) was characterized using NMR spectroscopy. Yield=30%. Chemical shifts: 7.7 (d,
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1H), 7.5 (m, 1H), 7.45 (m, 4H), 7.3 (m, 1H), 7.25 (m, 1H), 6.5 (m, 3H), 5.2 (d, 2H), 4.95 (q, 2H),
3.9 (m, 2H), 3.85 (m, 2H), 3.72 (broad, 10H), 3.6 (t, 2H), 3.4 (s, 3H), 2.75 (m, 2H), 2.4 (m, 1H),
2.0 (m, 1H), 1.75 (m, 2H), 1.45 (t, 2H), 1.2 (broad, 12H), 0.9 (t, 3H).
5.6.1.3 Synthesis of G0-Sid
In a clean vial with 2 mL of HPLC grade water, 0.015 g of 10 (0.019 mmol) and 0.01g of 3 (0.016
mmol) were mixed and stirred. A white precipitate was observed after 1h, which was filtered and
dried, to obtain the G0- Sid product (11), which was characterized using NMR spectroscopy and
MALDI. Yield= 67%. Chemical shifts: 7.75 (m, 10H), 6.4 (m, 3H), 5.75 (q, 1H), 5.25 (q, 1H), 4.9
(s, 2H), 4.5 (q, 1H), 3.9 (m, 2H), 3.8 (b, 3H), 3.6 (m, 2H), 3.5 (b, 24H), 3.19 (b, 3H), 3.1 (q, 4H),
3.0 (q, 8H), 2.6 (m, 3H), 2.25 (m, 9H), 1.6 (b, 2H), 1.5 (b, 14H), 1.4 (m, 14H), 1.25 (b, 22H), 0.9
(t, 3H). MALDI-MS: M+Na= 1424.4 g/mol.
5.6.1.4 Synthesis of G0-Sid [Fe]
The compound 12 was also obtained using a robust copper-free click akin to the protocol described
in the above section with compound 4 taken in slight excess for the completion of the reaction.
The product was obtained as a red solid and characterized using MALDI. Quantitative yield.
MALDI-MS: M+Fe: 1454.63 g/mol.
5.6.1.5 Synthesis of G1-DBCO
Compound 5 was synthesized using previously reported methods34. 0.025g of 6 (0.081 mmol),
0.157g of 5 (0.122 mmol) and 0.23g of EDC. HCl (0.122 mmol) were mixed in a 10 mL round
bottom flask flushed with Argon. 5 mL of dry DCM was added and the mixture, stirred. 0.9 mg of
DMAP (0.0081 mmol) was added to this and stirred overnight at room temperature. The
completion of the reaction was checked on a TLC before termination and the product purified
using a silica gel column chromatography (product obtained at 30% ethyl acetate in hexane). The
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product (7) was characterized using NMR spectroscopy. Yield= 35%. Chemical shifts: 7.71 (d,
1H), 7.5 (m, 1H), 7.43-7.2 (m, 6H), 6.6 (m, 9H), 6.4 (b, 2H), 5.3 (b, 4H), 5.2-4.96 (b, m, 4H),
4.93(b, 4H), 4.2-3.8 (b, m, 18H), 3.6 (m, 52H), 3.33 (d, 9H), 2.82-2.6 (m, 2H), 2.4 (m, 1H), 2.2
(m, 1H), 2.0 (m, 1H), 1.8 (m, 4H), 1.6 (m, 4H), 1.42 (m, 4H), 1.38-1.2 (b, m, 40H), 0.9 (m, 9H).
5.6.1.6 Synthesis of G1-Sid
In a clean vial with 2 mL of HPLC grade water, 0.015 g of 7 (0.078 mmol) and 0.038 g of 3 (0.061
mmol) were mixed and stirred. A white precipitate was observed after 1h, which was filtered and
dried, to obtain the G1- Sid product (8), which was characterized using NMR spectroscopy and
MALDI. Yield was 82%.The solubility of this particular conjugate was low and the purification
by HPLC and column chromatography did not improve this due to the high polarity, low solubility
and the propensity to self-assemble. However, solubility of the obtained white solid at lower
concentrations was useful for the self-assembly studies. The CAC measurements were
reproducible as well. MALDI-MS: M+Na=2571.3 g/mol. Chemical shifts: 7.5-7.1 (m, 8H), 6.26
(m, 9H), 6.21 (m, 2H), 5.34 (s, 2H), 5.20 (b, s, 4H), 4.64 (m, 2H), 4.1-3.9 (m, 6H), 3.84 (m, 6H),
3.5 (m, 48H), 3.3 (d, 9H), 3.2 (m, 12H), 2.63 (m, 2H), 2.62 (m, 2H), 2.46 (m, 6H), 2.0 (s, 3H), 1.7
(m, 6H), 1.55 (m, 12H), 1.33 (t, 6H), 1.29 (m, 6H), 1.29- 1.0 (m, 36H), 0.96 (m, 9H).
5.6.2 CAC Measurement Protocol
The highest concentration stock of the amphiphiles 8, 11 and 12 were prepared by dissolving the
weighed amphiphiles in 100 µL of acetone in a 20 mL scintillation vial. Water was then added to
this solution dropwise, with constant stirring. This vial was left uncapped for 12 hours to facilitate
the evaporation of acetone, completely. The lower concentrations were prepared from this stock,
and all of them were sonicated for 30 minutes and then equilibrated at ambient temperature for 30
minutes. 10µL of 1mM DiI, prepared in acetone, was taken in a clean and dry vial with a stir bar,
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one for each polymer concentration. The amphiphile solutions were added drop-wise into the DiI
containing vials and stirred with the cap open for 6 hours. These were then filtered using a
hydrophilic membrane (pore size 0.450 µm) and then subjected to fluorescence measurements.
The intensity at the maxima for each concentration was plotted against the different polymer
concentrations and the inflexion point observed was noted as the CAC (Fig. 5.4).
5.6.3 Dynamic Light Scattering Protocol
DLS was performed on a Malvern nano-zeta sizer instrument with a 637 nm laser source with noninvasive backscattering technology detected at 173⁰. The sizes are reported as the hydrodynamic
diameter (DH) and each measurement was repeated thrice. Stock solutions of the amphiphiles were
prepared, above their CACs, in HPLC grade water and filtered using a hydrophilic membrane (pore
size 0.450 µm) before the experiment was performed. The volume % plots for the amphiphiles 8,
11 and 12 can be seen in figure 5.4.
5.6.4 UV-Vis Spectroscopy General Protocol
The solutions were prepared as per the dye encapsulation method outlined in the CAC
measurement protocol. All the experiments were carried out at 25o C using disposable UV cuvettes
from Fisher Scientific that is compatible from 220nm to 900nm wavelengths.
5.6.5 Transmission Electron Microscopy Protocol
For the TEM measurements, the DLS solution of the amphiphiles 8, 11 and 12 were used. One
drop of each sample was drop-casted on carbon coated Cu grid (400 mesh) and allowed to dry for
24 hours before the images were captured (Fig. 5.4).
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5.6.6 Optical Microscopy Protocol
Optical microscopy (OM) was also performed on an Olympus (OMBX 51) Fluorescence
Microscope to confirm dye encapsulation. A drop of DiI encapsulated amphiphile (above CAC)
was placed between a glass slide and a cover slip. After 8 days, another drop of the solution was
placed on the glass slide to observe any bright spots. The resolution of optical microscopy does
not allow us to determine the precise location of the dye molecules, but the fact that there were
specific pockets of dye exhibited presence of assemblies (Fig. 5.6).
5.6.7 MIC Study Protocol
a. Agar plates were first prepared using a standard and reported protocol and then autoclaved to
sterilize them.
b. The freeze dried bacterial strains of E.coli (exact strain number) and B.sub (exact strain number)
were purchased from ATCC.
c. All the bacterial work henceforth, were carried near a flame, unless mentioned otherwise. The
sealed bacterial ampule was cracked open and 100 µL of MH II broth (autoclaved) was added to
it and mixed well using a pipette. The contents were then transferred into a sterile bacterial culture
tube. 6 mL of MH II broth was additionally added to the tube, mixed well and incubated at 37 oC.
The cap of the culture tube was not locked completely, so as to facilitate air circulation and shaken
gentle (speed) overnight in the incubator.
d. 10 µL of the broth was taken to make a 1000 times dilution of the stock. A bent glass pipette
was used to spread 250 µL of the above diluted broth onto an agar plate evenly. The pipette
spreader was first sterilized by dipping it into ethanol and showing it in the flame carefully.
e. The agar plate was then incubated overnight in a 37 oC oven/shaker.
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f. After 12h, many bacterial colonies were observed on the agar plate. Single colonies were then
generated by taking a colony with a pipette tip and scratching the tip onto a new agar plate 6-6
times. These “striked” plates were incubated once again for 8 hours.
g. After 8 hours, a single colony was picked up using a pipette tip and dropped into 5 mL of MH
II broth and incubated overnight in a bacterial culture tube. All MIC studies were performed using
further dilutions this broth, to be at 106 CFU/ mL.
h. The optical density measurement of the commercially available McFarland standard was
recorded and the intensity at 600 nm corresponds to 1.5* 108 CFU/mL. The bacterial broth was
diluted to contain 2* 106 CFU/mL. Only 50 µL of this was added to the well plates, since the total
volume would be 100 µL, thereby making the concentration of bacteria in each well to be 10 6
CFU/mL.

Growth Control (GC)
Sterility Control (SC)
Dilutions of the
samples with Nad.
Dilutions of the
samples without Nad.

Figure 5.9. Pictorial representation of the construct of the 96 well plate used for the MIC assay

i. 8 mM and 1 mM Nadifloxacin stocks were prepare in DMSO. 5 µL of there were then diluted
with 4.995 mL of MH II broth to get 8 µM and 1 µM respectively. 50 µL of these were used in the
highest concentration well (Fig. 5.9). The highest concentration for E. coli was 4 µM and B. sub
was 0.5 µM (these values were chosen based on the literature reports of MIC values of
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Nadifloxacin for these bacterial strains). After serial dilution throughout the plate (left to right), 50
µL of MH II broth was added to each well plate, thus bringing the total volume in each well to be
100 µL.
j. The plate was finally sealed with cling film, with tiny holes pierced for air circulation and
incubated overnight. After 12h, the bacterial growth is visually observed and marked 1/0 as per
the definition of MIC.

158

5.7 Characterizations

Figure 5.10. NMR of Sid-N3 (3).
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Figure 5.11 Mass of sid-N3 (3).
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Figure 5.12. Mass of sid-N3 [Fe] (4).
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Figure 5.13 NMR of G0-sid
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Figure 5.14. MALDI-MS of G0-Sid.
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Figure 5.15. MALDI-MS of G0-sid [Fe].
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Figure 5.16. NMR of G1-sid.
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Figure 5.17 Mass of G1-Sid
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CHAPTER 6
PROTEIN RESPONSIVE BLOCK CO-POLYMER ASSEMBLIES
6.1 Introduction
Physiological parameters like heart rate, body temperatures, blood pressure, stress hormones,
immunological factors and protein levels are all indicators of general well-being. The abnormal
levels of these indicators, either above or below normal levels, could be indicators of disease.
Targeting these factors to act as a stimuli for drug delivery is the current state of the art in the field
of diagnostics. Cell-cell communication1-3, interaction of proteins with nucleic acids for DNA
synthesis4-6, the folding and packing of proteins7-9- are all based off of non-covalent interactions.
The response of a supramolecular assembly to protein binding10-16, is fascinating from a
fundamental point of view, since these morphological changes (or disassembly) occurs due to the
change in the hydrophilic-lipophilic balance (HLB) of the amphiphile. Simply put, the HLB
indicates the degree of hydrophilicity or hydrophobicity of the surfactant. When a protein binds
reversibly or irreversibly to the ligand (depending on the binding affinity, kD), this event brings
about a change in the HLB of the surfactant, either solubilizing it completely or precipitating it
out, or changing its morphology in solution. It can also disrupt the existing assemblies at
equilibrium, by pushing the unbound surfactant concentration to go below its critical aggregation
concentration (CAC), and disassemble. It also disturbs the unimer-aggregate equilibrium, bringing
about the leakage of any encapsulated molecules, thereby opening avenues for application in drug
delivery and diagnostics.
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6.2 Binding Induced Disassembly
Previously, in our group we have reported on supramolecular systems that respond and release
cargo upon a protein binding event. Binding affinities between specific ligand-protein pair were
exploited (e.g. biotin-avidin, sulfonamide-carbonic anhydrase, 2, 4 dinitrophenol (DNP) and antiDNP Immunoglobulin-G (IgG)). With the dendrimer systems, the ligand placement in the system
was varied- to move from a well buried hydrophobic interior9,11 to being fully exposed on the
hydrophilic exterior15,16, and the mechanism of disassembly was studied using molecular dynamics
(MD) simulations. We have also reported on low molecular weight random co-polymers that
respond to a protein binding event.
6.3 Hypothesis and Design
We were very curious about protein responsive block co-polymers in this context, for a variety of
reasons, being, (i) the ease of synthesis of block co-polymers with controllable molecular weights
and (ii) higher encapsulation stability 17-19. Particularly, polyethylene glycol (PEG)-polylactic acid
(PLA) block co-polymers are very well studied for biological applications20, 21. These polymers
are famous for being easily end-group modifiable, enhanced hydrophobic drug loading, sustained
drug release, resistant to phagocytosis, improved blood circulation (due to PEG), biocompatibility
and biodegradability22, 23. For this purpose we designed a simple block co-polymer (P1) with biotin
ligand placed at the hydrophilic termini of the block co-polymer containing PEG and PLA24. Biotin
and avidin are a well-studied ligand-protein pair, with a binding affinity of 1 fM. Avidin also has
4 biotin-binding pockets, making the prospect of its interaction with biotin decorated nanoparticles more interesting and challenging. The crystallinity and possible chain entanglements
from PLA further increased the curiosity we had in this system25, 26. The molecular design that
could satisfy all these design requirements is shown as polymer P1 (Scheme 6.1).
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Scheme 6.1. Schematic representing the structure of the protein responsive polymer P1 and its selfassembled micelle type structure.

6.4 Block Co-polymer: Characterization and Self-assembled Behavior
The block co-polymer was synthesized by utilizing commercially available biotin terminated PEGamine (Mw 10,000 Da). This polymer was reacted with a pentafluoro phenol-activated PLA (free
acid, Mw 10,000 Da) to obtain the protein responsive P1 (Scheme 6.2). This polymer provides an
ideal scaffold for observing morphological changes induced upon protein binding. Synthetic and
characterization details are provided in the materials and methods section. To study the selfassembly characteristics of P1 which arises due to its amphiphilicity, the polymer was dispersed
in water at different concentrations in the presence of a spectroscopic probe, 1,1'-Dioctadecyl3,3,3',3'-Tetramethylindocarbocyanine perchlorate (DiI). DiI, being hydrophobic, is insoluble in
aqueous phase by itself, but has a UV-Vis signature when solubilized in the hydrophobic pockets
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P1

Scheme 6.2. Synthesis of the amphiphilic Biotin PEG-PLA polymer, P1

Figure 6.1. (a) CAC plot of P1; (b) TEM image indicating micelle-type aggregates; (c) DLS of
aqueous solution of P1.

of P1. This also ascertains the polymer’s capability to act as a host for hydrophobic small
molecules. Different concentrations of P1 were equilibrated with the same amount of DiI. When
the polymer concentration is just enough to drive them from the air-water interface to the water
phase forming micelle-type assemblies, a sharp increase in the fluorescence of DiI is observed
(Figure 6.1a). This concentration is the critical aggregation concentration (CAC) and was found to
be 0.25µM and all experiments were performed above the CAC. Dynamic light scattering (DLS)
and transmission electron microscopy (TEM) experiments were performed to study the size and
morphology of P1 in solution. These were found to be around 120 nm in diameter and micelletype solid aggregates respectively (Figure 6.1b and c).
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6.5 Response to Protein Binding
The next step was to evaluate the behavior of P1 in the presence of the protein, avidin. For this
purpose, lyophilized freeze-dried ExtrAvidin was purchased from Sigma Aldrich. This was
reconstituted in PBS buffer (as per the protocol sent with the protein) and used. Since the polymer
P1 was designed to bind to proteins, the hydrophobic encapsulation was first evaluated. Release
of the encapsulated DiI in 0.07 mg/mL P1 (3.5 µM) was monitored, in the presence of 3.5 µM.
Though the polymer was several orders of magnitude above the CAC, dye release was observed
immediately after the addition of ExtrAvidin, since 4 fold excess of protein (with respect to the
ligand present) would be present in the solution at this concentration, since the each protein has 4
biotin binding pockets. This resulted in a release of over 95% of the dye in 24 hours (Figure 6.2b).
In the absence of any protein, much lesser amounts of dye was released, amounting to 15% in 24h.

Figure 6.2. (a) Time-dependent absorbance of DiI encapsulated P1 treated to avidin; (b) Timedependent abdorbance of DiI encapsulated P1 treated to no protein; (c) % release of DiI with avidin
and BSA from P1 micelles, plotted against time; (d) Images of DiI encapsulated P1 before and after
treatment with avidin.
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To check if the protein-ligand interaction is indeed specific, a non-specific protein, bovine serum
albumin (BSA) was added to DiI encapsulated P1. Interestingly, the dye release was even lesser
than when no protein was added, possibly due to some non-specific interactions of hydrophobic
pockets provided by the protein. Even without the absorbance spectra, the DiI release and
concurrent precipitation (due to its insolubility in water) could be visually observed as well (Figure
6.2d).
To further study the nature of the polymer’s response to avidin, the DLS size profile was monitored
after the addition of the protein. The size of the polymer swelled to 1000 nm aggregates (from
120nm) immediately after the addition of the protein. After 24h, the size observed was 10 nm
which corresponds to the size of the protein by itself. A small peak was observed at around 20 nm,
which could be some disassembled/aggregated fragments (Fig. 6.3a). In contrast, the size of P1
remained consistent at 120 nm in the absence of the protein (Fig. 6.3b) (number% and intensity %
profiles provided in fig. 6.3). Since 1 mole equivalence (3.5 µM) is by itself a 4-fold excess of
protein, we wanted to test the response to 0.1 and 0.25 equivalents of protein. A 0.25 equivalents,
in theory, should be able to bind with all of the polymer molecules in solution. However, we were
able to achieve only 50% dye release (Figure 6.4c and Figure 6.6), possibly due to the fact that
multiple interactions with the same protein lead to some sort of crosslinking between the adjacent
assemblies, or a protein corona formed with the same assembly (Scheme 6.3) since we deal with
PLA interiors which are quite crystalline. With our previously reported work with dendrimers,
much lesser protein (<0.25 equivalents) were required to cause complete disassembly (observed
from DLS), due to the fact that these were small molecule surfactant assemblies with a faster
unimer-aggregate equilibrium in solution compared to block co-polymers. With 0.1 equivalent
(Fig. 6.5) we observed even lesser dye release (~20% in 24h), with DLS size profiles indicating
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the presence of larger aggregates. To see if we could achieve a burst and 100% release by adding
an excess of protein, we added 3 equivalents of the protein. We observed complete disassembly

Figure 6.3. DLS plots of P1 (a) before and after treatment with avidin; (b) not treated with any
protein (control); (c) % release of DiI encapsulated in P1, with different molar equivalents of
avidin plotted against time.

Figure 6.4. a) Volume %, b) Number % and c) Intensity % plots of P1 after the addition of 3.5µM avidin;
d) Size of the protein extravidin in PBS buffer.
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and 100% dye release, in this case (Figure 6.3d and 6.7).

Figure 6.5. a) Absorbance spectrum of the DiI encapsulated P1 in the presence, and d) in the absence of
of 0.1 eq. avidin; b) % release plots in the presence and absence of 0.1 eq. avidin; c) volume%, e) number
%, and f) intensity % size profiles of P1 after the addition of 0.1 eq. avidin.

Figure 6.6. a) Absorbance spectrum of the DiI encapsulated P1 in the presence of 0.25 eq. avidin; b) %
release plots in the presence 0.25 eq. avidin; c) visual observation of dye release d) volume%, e) number
%, and f) intensity % size profiles of P1 after the addition of 0.25 eq. avidin.
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Figure 6.7. a) Absorbance spectrum of the DiI encapsulated P1 in the presence of 3 eq. avidin; b) %
release plots in the presence of 3 eq. avidin; c) visual observation of dye release d) volume%, e) number
%, and f) intensity % size profiles of P1 after the addition of 3 eq. avidin.

These results are very akin to a recent report on biotinylated self-assembled monolayers (SAMs)
27

. When subjected to engineered streptavidin having controlled valencies (mono-, di-, trivalent in

terms of biotin-binding sites), only the monovalent protein was able to extract the biotinylated
lipids from the monolayer. The di and trivalent proteins adhered to the surface of the SAMs,
irreversibly.
6.6 Mechanistic Investigation of the Binding Induced Dye Release
To further investigate if this dye release was because of polymer disassembly or a cross-linking
type response for the 1 equivalent case as well (Scheme 6.3), a control polymer P2 (biotin-PEGPLA-OH) was synthesized (Scheme 6.4). The alcohol end group was functionalized with a
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fluorescent dye rhodamine B to obtain the control polymer P3 (Figure 6.8a). TEM images of this
sample showed micelle-type aggregates of around 150 nm in size (Figure 6.8b).
We hypothesized that, in the case of a disassembly event, the rhodamine absorbance or
fluorescence signature would still be significant as in the absence of protein, since the polymer

Scheme 6.3. The possible outcomes of the binding event of P1 with avidin.

chains would be floating around in the water, bound to the hydrophilic protein.
However, in the case of a crosslinking induced precipitation, a significant decrease in the
rhodamine spectroscopic signature would be observed. To test this, one equivalent of extravidin

Scheme 6.4. Synthesis of the rhodamine conjugated control amphiphilic Biotin PEG-PLA-RhB
polymer, P3
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Figure 6.8. (a) Structure of the rhodamine labelled control polymer P3 (R defined in SI); (b) TEM of
P3 indicating micelle type assemblies; (c) Rhodamine-B absorbance with time in the presence of
avidin; (d) Rhodamine-B absorbance in the absence of any protein (control).

was added to a 0.1 mg/mL solution of P3. From figure 6.8c, it can be observed that the rhodamineB signal did not decrease significantly, compared to the stability of the polymer in the absence of
protein in figure 6.8d. This experiment supported the binding-induced-disassembly (BID) event in
this case.
6.7 Conclusions and Future Directions
In summary, by designing an amphiphilic block co-polymer, we have shown that, despite a strong
hydrophobic core, a strong binding event can change the morphology of the assembly and alter its
guest encapsulation stability. The well-studied PEG-PLA was a useful starting point in evaluating
this behavior and was decorated with the protein binding ligand, biotin, on its hydrophilic phase.
The polymer acted as a stable host for hydrophobic guest molecules. Upon addition of a specific
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protein, the change in HLB of the polymer induced a disassembly of the polymer, and ensued
release of the hydrophobic contents. On the other hand, non-specific proteins had little or no effect
on the container properties of the polymer. Lowering the concentration closer to the CAC would
definitely help in achieving disassembly with lower concentrations of the protein. However, each
polymer chain needed to be individually bound, in order to achieve disassembly and release. The
observations in this study initiates several interesting questions since we observed that a relatively
high molecular weight block co-polymer complex micelle (which is usually compared to crosslinked assemblies in its stability) can be collapsed by a change in the HLB and pulled out from its
assembly due to protein binding. To further verify this, studies with P3 with co-encapsulation of
dyes and lower equivalents of protein need to be performed. If there was a cross-linking induced
precipitation in these cases, one would be able to observe a decrease in the rhodamine B
absorbance (with DLS indication large aggregates). However, in the case of a crosslinking event,
but soluble aggregates, the DLS would indicate larger aggregates but the rhodamine absorbance
would remain unchanged. It would be interesting to observe the critical hydrophobic chain length
required for this kind of response, from a fundamental perspective. It would also be interesting to
study whether different polymer morphologies (vesicles, tubules etc.) could be disassembled in a
similar fashion. Due to the biocompatibility of this polymer (Fig. 6.11), there is an added prospect
of using this responsive, degradable polymer as a drug delivery and diagnostic tool.
6.8 Materials and Methods
All the reagents were purchased from commercial sources and used as such without further
purification. 1H NMR spectra was recorded on a Bruker DPX-400 MHz NMR spectrometer and
all the spectra were calibrated against trimethylsilyl (TMS) standard. Dynamic Light Scattering
(DLS) measurements were carried out on a Malvern Nanozetasizer. TEM images were recorded
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on a JEOL-2000FX machine operating at an accelerating voltage of 100 kV and a T-12 TEM.
Fluorescence emission spectra were recorded on Perkin Elmer Spectrofluorometer (type). UV-Vis
spectra were recorded in a Perkin Elmer UV-Visible Spectrometer (LS55).
6.8.1 Synthesis and Characterization
6.8.1.1 Synthesis of pentafluorophenol (PFP) activated PLA (2)
1g (0.1 mmol) of 1 (commercial grade) was dissolved in freshly distilled dry tetrahydrofuran
(THF). N,N'-Dicyclohexylcarbodiimide (DCC) (0.08 g, 0.4 mmol) and 4-dimethylaminopyridine
(DMAP) (0.012g, 0.1 mmol) were added to the reaction mixture and stirred at 0 oC for 20 minutes.
PFP (0.07g, 0.4 mmol) was then added to the reaction mixture and stirred under Argon atmosphere
for 48 hours. The solvents in the reaction mixture were evaporated, and the contents re-dissolved
in dichloromethane (DCM) and dialyzed against DCM: Methanol (9:1) for 48 hours with solvent
being changed every 8 hours, against a 1000 Da cut-off dialysis membrane. The contents were
then vacuum dried and characterized using NMR and GPC.
1

H NMR (400 MHz, CDCl3, TMS): δ (ppm): 5.21 (broad, PLA CH3), 1.57 (broad, PLA CH).
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F NMR(300 MHz, TFA): -164 (3F), -165 (2F)

6.8.1.2 Synthesis of biotin- PEG-PLA polymer (P1)
60 mg (1.36 mmol) of PEG amine (3) (commercial grade) was weighed into a vial containing 5
mL of dry DCM. 110 mg (1.23 mmol) of compound 2 was added to the vial, and stirred under
Argon atmosphere for 24 hours. The reaction mixture was added into an excess of cold diethyl
ether wherein the polymer precipitated. The polymer was further purified by dialysis against DCM
for 48 hours. The contents were re-precipitated in ether, dried and characterized using NMR and
gel permeation chromatography (dimethylformamide DMF as the eluent). The biotin peaks were
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overwhelmed by the PLA peaks, however the NMR was verified with reported biotin-PEG-PLA
NMRs24 and GPC (Fig. 6.9a).
1

H NMR (400 MHz, CDCl3, TMS): δ (ppm): 5.21 (broad, PLA CH3), 4.3 (m), 4.2 (m), 3.70 (broad,

PEG protons), 1.57 (broad, PLA CH). 13C NMR (400 MHz, CDCl3) δ 70.6, 69.2, 69, 16.7, 16.7.
GPC (DMF): Mn = 20,800 g mol-1, PDI = 1.12.
6.8.1.3 Synthesis of biotin-PEG-PLA (P2)
95 mg (0.661 mmol) of the lactide monomer was added into a Schlenk flask, along with 100 mg
(0.0189 mmol) of the Biotin-PEG-OH macro-initiator (5000 Da, commercial grade). 1 mL of dry
toluene was added as a solvent, followed by 4 mg (0.009 mmol) of Sn(Oct)2. The polymerization
was allowed to proceed for 48h, and resulted in a 13, 400 Da polymer, from DMF GPC, with a
PDI of 1.3. The biotin peaks were overwhelmed by the PLA peaks.
1

H NMR (400 MHz, CDCl3, TMS): δ (ppm): 5.21 (broad, PLA CH3), 3.70 (broad, PEG protons),

1.57 (broad, PLA CH). 13C NMR (400 MHz, CDCl3) δ 70.6, 69.2, 69, 16.7, 16.7. GPC (DMF): Mn
= 12, 000 g mol-1, PDI = 1.3.
6.8.1.4 Synthesis of biotin-PEG-PLA-RhB (P3)
25 mg of P2 (0.002 mmol) and 5.3 mg of Rhodamine B (Rh-B) isothiocyanate (0.01 mmol) were
mixed together in a 5 mL scintillation vial, with 1mL of DMSO as solvent. The reaction was
allowed to stir overnight and was then dialyzed against acetone, using a 10,000 Da cut-off dialysis
membrane. The polymer was then characterized using DMF GPC to give a polymer of molecular
weight 24,500 (Mn) with a PDI of 1.12.
1

H NMR (400 MHz, CDCl3, TMS): δ (ppm): 5.21 (broad, PLA CH3), 3.70 (broad, PEG protons),

1.57 (broad, PLA CH).
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Further, the rhodamine conjugation was verified using UV-Vis and fluorescence spectroscopy.
The reported molar extinction coefficient of (ε) of Rhodamine B was reported to be 106,000 M-1
cm-1 at 545 nm in ethanol. The polymer P3 was completely soluble in ethanol, and at a
concentration of 0.12 mg/mL (10 µM), the Rh-B concentration was 8.1 µM (Fig 5.10a). Therefore,
the % conjugation of Rh-B in P3 was roughly 81%

RI Signal (Normalized)

a)

b)
Biotin-PEG-NH2
PFP activated PLA
Biotin-PEG-PLA (P1)

1

PLA

PEG
0
800
1000
Retention time (seconds)

Figure 6.9. a) Gel permeation chromatography (GPC) in dimethyl formamide (DMF); b) Degradation of
the polymer characterized using the thermos gravimetric analysis (TGA).

6.8.2 General Procedure for CAC Measurement

Figure 6.10. a) Absorbance spectrum of 0.1 mg/mL P3 for quantification of the rhodamine conjugated;
b) DLS size profiles after the addition of 1 eq. Avidin to P3; c) The appearance of P3 after the disassembly
event.
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A 0.10 mg/mL stock solution of polymer was made, by dissolving P1 in 200 µL of acetone in a 20
mL scintillation vial. Water was then added to this dropwise, with constant stirring. This vial was
left uncapped for 12 hours to facilitate the complete evaporation of acetone. The lower
concentrations were prepared from this stock, and all of them were sonicated for 30 minutes and
then equilibrated at ambient temperature for 30 minutes. 10µL of 1mM DiI, prepared in acetone,
was taken in a clean and dry vial with a stir bar, one for each polymer concentration. The polymer
solutions were added drop-wise into the DiI containing vials and stirred with the cap open for 6
hours. These were then filtered using a hydrophilic membrane (pore size 0.450 µm) and then
subjected to fluorescence measurements. The intensity at the maxima (580 nm for P1) for each
concentration was plotted against the different polymer concentrations and the inflexion point
(0.25 µM or 0.005 mg/mL) observed was noted as the CAC (Figure 1a).
6.8.3 Dynamic Light Scattering (DLS) Study
DLS was performed on a Malvern nano-zeta sizer instrument with a 637 nm laser source with noninvasive backscattering technology detected at 173⁰. The sizes are reported as the hydrodynamic
diameter (DH) and each measurement was repeated thrice. 0.1 mg/mL solutions of P1 were made
in HPLC grade water and filtered using a hydrophilic membrane (pore size 0.450 µm) before the
experiment was performed. The number, volume and intensity % plots for the polymer P1 with
varying amounts of protein can been in figure S2, S3, S4 and S5.
6.8.4 Transmission Electron Microscope (TEM) Study
For the TEM measurements, P1 and P3 solution of concentration 0.1 mg/mL were prepared. One
drop of each sample was drop-casted on Carbon coated Cu grid (400 mesh) and allowed to dry for
24 hours before the images were captured.
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6.8.5 Absorbance Spectrum Study to Determine Protein Sensitive Dye Release
A DiI stock solution (1mM) was prepared in acetone, and a stock solution of 0.1 mg/mL P1 was
prepared in water. 10 µL of the Nile red stock was encapsulated in 1 mL of P1 solution as per the
previously described method. The un-encapsulated dye was filtered and to 0.7 mL of P1 solution,
0.3 mL of the avidin (reconstituted in PBS 7.4 buffer) was added, bringing the concentration of
P1 to 0.07 mg/mL. The solution was then transferred to a cuvette and absorption spectra was
recorded at frequent intervals. The % dye release was calculated from the change in absorbance
intensity at the maxima (580 nm).
6.8.6 Evaluation of Cytotoxicity
The in vitro cellular viability of the amphiphilic polymer P1 was evaluated on DU145 prostate
cancer cell line. The cells were cultured in T75 cell culture flasks using Dulbecco’s Modified
Eagle Medium/Nutrient Mixture F-12 (DMEM/F12) with 10% fetal bovine serum (FBS)
supplement. The cells were seeded at 10,000 cells/well/200 µL in a 96 well plate and allowed to
grow for 24 hours under incubation at 37 °C and 5% CO2 . These cells were then treated with
polymers of different concentrations, highest being 1 mg/mL and were incubated for another 24
hours. Cell viability was measured using the Alamar Blue assay with each data point measured in
triplicate. Fluorescence measurements were made using the plate reader SpectraMax M5 by setting
the excitation wavelength at 560 nm and monitoring emission at 590 nm on a black well plate. The
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results revealed that they were non-cytotoxic to this cell line used at the concentrations tested (Fig.
5.11).

Figure 6.11. Alamar blue assay for the evaluation of cytotoxicity of P1.

*

188

a)
*

PLA CH

PLA CH3
PEG

*

b)

*

Figure 6.12. 1H NMR (a) and 13C NMR (b) of P1. * indicates solvent signal.
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*

Figure 6.13. 13C NMR of P2. * indicates solvent signal.

*

Figure 6.14. 1H NMR of P3. * indicates solvent signal.
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CHAPTER 7
SUMMARY AND FUTURE DIRECTIONS

7.1 Summary
Supramolecular assemblies that respond to physical, chemical or biological stimuli, and
release cargo molecules in response, have been of interest in a variety of areas including sensing,
diagnostics, drug delivery and cryptic catalysis. There are certain structure property parameters
of the surfactant that dictates self-assembly, morphology change or disassembly- either through
degradation, response to the environment or specific stimuli. Before reaching a clinical or
applicative level, there are several parameters that need to be probed, to achieve a perfect
supramolecular machinery, that can form certain morphologies, house certain guests or respond in
a particular manner. Small molecule surfactants, dendrimers, polymers all bring certain desirable
qualities to the table, in terms of supramolecular self-assembly, yet with loop holes that need to be
fixed. In this thesis, we attempted to study a variety of these systems from the view point of
structure-property relationships. We also took into consideration the applicative impact, and
performed various preliminary experiments to validate the same. We also worked with physical
(light), chemical (pH) and biological (proteins such as avidin, bacterial surface proteins, enzymes
such as azoreducatse and porcine liver esterase) stimuli, by incorporating responsive groups in the
amphiphiles.
In Chapter 2, we designed a small molecule surfactant with a certain inbuilt HLB and pH
responsivity that formed vesicles when dispersed in aqueous media. However, when oligomerized,
the HLB changed and gave micelles, but still responded to stimuli. Interestingly, this reversibly
went back to vesicles in the aqueous media when the main chain degraded back into shorter
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oligomers. In Chapter 3, we worked with block co-polymers embedded with a single lightresponsive azobenzene unit. Although, light responsive vesicles containing azobenzen have
already been reported, our work is unique because of having only one unit of azobenzene placed
at the junction of a glassy and long PLA hydrophobic block and PEG block. Actuation of this small
molecule under light, could transduce molecular motions that propagated into the glassy block,
making it softer and yielding and leading to photo-regulated release, in a far-from-equilibrium
manner. We also collaborated with a simulations group from the University of Chicago, to obtain
molecular dynamics simulation perspective, to understand this phenomenon of athermal
photofluidization. In Chapter 4, we exploited the same PEG-Azo-PLA block co-polymer as a
multi-stimuli responsive material. We checked whether enzymes could access block co-polymer
interiors to act on or reduce certain functional groups. We also attempted to understand the fate of
these assemblies with respect to the rate of the molecular release, by adding more than one stimuli
at a time.
In Chapter 5, we visited dendritic amphiphiles with the aim of targeting pathogenic bacteria. This
being a big challenge, we started off with being able to target certain bacteria using the siderophore
(ligand) - bacterial membrane protein specific relationship. Although we were unable to guarantee
bacterial targeting, this work helped us get an easy DBCO handle for attaching various ligands for
copper-free click chemistry.
In Chapter 6, we delved a little into understanding block co-polymer assembly dynamics in
solution. We achieved this by trying to understand if proteins could pull out the block co-polymer
chains and disassemble upon protein binding. The results not only opened avenues for a better
understanding of the systems, but also raised several interesting questions and provide future
directions, which are discussed in detail in this chapter.
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7.2 Future directions
7.2.1 Varying the % of Light Sensitive Groups in the Assemblies
Tuning the rate of molecular release and being able to predict its kinetics, is very interesting from
both a fundamental and application perspective. From chapter 3, we placed a light sensitive
azobenzene moiety at the interface of an amphiphilic block co-polymer. Upon shining light (UV
and Visible, upto 450 nm) we observed a molecular release of 90% which reached saturation in
200 minutes. During the MD simulations, a similar bilayer was constructed and the isomerism
event was simulation. However, at a time, only 1, 5, 10, 20 and 40% azobenzenes were activated.
When the Debye-Waller factor was observed during the actuation, it was observed that the PLA
mobility, free volume and the number of water molecules entering the PLA region increased when
the number of azobenzenes undergoing isomerism were increased. This alludes to the fact that the
rate of molecular release can be tuned experimentally, by controlling the % of azobenzenes present
in the block co-polymer assemblies1. By making a statistical mixture of azobenzene containing
polymer with pure PEG-PLA block copolymers, we envision that there would be some sort of cooperative co-assembling of the two polymers (or) a phase separation. This can be studied further
using covalently labeling the polymers with different fluorescent dyes and observing their
assembly under a total internal reflection fluorescence (TIRF) or a confocal microscope. After the
assessment of these parameters, we envision to prepare different formulations of the block copolymers and study the kinetics of release, total % release and the achievement of release saturation
to get further insights into the non-equilibrium behavior of these glassy polymersomes.
7.2.2 PEG-Azo-PLA Block Co-polymer Vesicles as Nano-reactors
In Chapter 3, we showed how the rapid forth and back isomerization of the azobenzene switch led
to an increase in the permeability of a polymersome only in the presence of the light input, and
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became impermeable after the isomerism event ended. We envision to use these polymeric
assemblies as nanoreactors wherein, an enzyme is confined within the aqueous lumen of the
vesicle, which can activate substrates that are in the bulk solution, only under UV irradiation by
trafficking molecules from the bulk into the lumen, driven solely by the concentration gradient.
Specifically, Alkaline phosphatase is an enzyme that can activate the non-fluorescent substrate,
fluorescein diphosphate, into its fluorescent state2. The enzyme was encapsulated within the
aqueous lumen of the polymersomes and subjected to extensive dialysis (MWCO: 300 kDa) and
ultracentrifugation (MWCO: 100 kDa) to remove free enzyme. Fluorescein diphosphate
(phosphatase substrate) was then introduced into the bulk solution. Unfortunately, the substrate
was activated instantaneously, even without the light input. This is primarily because of the free
enzyme present in the solution, as extensive dialysis and ultracentrifugation failed to remove it
completely. Currently, we hope to test the protein encapsulation potential using fluorescently
labelled protein and TIRF microscopy.
7.2.3 Evaluating Critical Block Length for the Mechanotransduction
We reported that the mechanical motions initiated by the azobenzene isomerizing, propagates
through a 13,000 Da hydrophobic PLA chain and softens the entire chain during that period of
time, in Chapter 3. In this regard, we are interested in studying the critical length at which this
mechanotransduction fails. We are curious to understand what the critical block length for this
phenomenon is, and how the release/permeability depends on the degrees of polymerization of
both the blocks. This would give us the critical knowledge as design parameters for similar supramolecular nano machinery. Even with the MD simulation work, we had constructed the bilayer to
have 20 ethyleneglycol monomers (PEG), along with hydrophobic blocks varying in size of with
20 to 50 lactide monomers and found the response to complement our experimental findings.
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However, we speculate a hydrophilic and hydrophobic volume to play a role and impact the effect
of the dynamic actuation. As a starting point, we envision to synthesize Peg-Azo-PLA of varying
block lengths, keeping the PEG constant i.e., 5000 Da-1000 Da to 5000 Da-25,000 Da (and various
lengths in between) to get a thorough understanding of the “sweet-spot” or conducive PLA length
for this phenomenon.
7.2.4 Understanding the Self-assembly Nature of the Dendritic Micelles

Figure 7.1. a) Structure of the biaryl monomer repeat used to construct the facially amphiphilic
dendrimer b) , c) and d) General representation of the facially amphiphilic dendrimers of generation 1,
2 and 3 respectively.

Our group has always been interested in understanding structure-property relationships at the
molecular level, and constructed challenging yet easily modifyable biaryl based dendrimer
construct. Our ‘facially amphiphilic’ dendrimers phase separate the hydrophilic and hydrophobic
moieties along the long axis of the molecule, when dispersed in water. This is achieved by placing
the hydrophobic and hydrophilic substituents at an orthogonal plane containing the AB2
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functionalities, in the monomer unit. This affords a dendrimer with either of these amphiphilic
substituents displayed at its concave interior. We have synthesized and characterized three
generations of this dendrimer, abbreviated as G1, G2 and G3, each containing one, two and three
of the biaryl repeats respectively3-12. In one of our first reports, we synthesized a carboxylate
(hydrophilic) and decyl chain (hydrophobic) dendrimer, which were capable of forming either
hydrophobic or hydrophilic nano-containers, depending on the solvent environment5. They formed
assemblies of sized 42 nm in water and 4.2 nm in toluene (inverse micelle type). We also reported
on PEG-decyl dendrimers which were temperature sensitive6. These formed 75, 125 and 125 nm
sized assemblies for the G1, G2 and G3, respectively. For various applications, we have designed
dendrimers with varied hydrophilic and hydrophobic moieties listed in Table 7.1. The green
highlight shows that just changing the hydrophilic unit from carboxylic acid to PEG, bumps up the
size from 42 nm to 125nm. The red highlight shows that changing the hydrophobic unit by a few
carbons changes the size of the assemblies as well. The purple highlight shows that adding one
unit of biotin to the hydrophilic phase of the dendrimer, drastically changes the size to 300 nm
from 75 nm, and reduces the size to 20 nm when switched with a zwitterionic moiety. These
findings raise several fundamental questions.
(i) If we had unimolecular micelles, the sizes of these should be ~3-5 nm. However, we seem to
form large aggregates, around >100 nm in size (consistently in the case of PEG as hydrophilic
units; and <100 in the case of zwitterionic species). What is the reason for this kind of packing?
(ii) Is there a nucleation and growth type mechanism, akin to crystal growth?
(iii) Why are these structures self-limiting? i.e., what are the factors that determine the size to be
300 nm and not grown upto a 1000 nm?
(iv)What does this “complex micelle” look like, since it can stably house hydrophobic guests?
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In order to answer these questions, collaborations to perform MD simulations have been initiated.

Table 7.1. Table representing some of the different dendrimer constructs reported. The green
highlight differentiates between the G3 hydrophilic moieties. The red highlight differentiates between
hydrophobic moieties of the G1 dendrimer. The purple highlight differentiates between the
hydrophilic head groups of the G1 dendrimer.
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